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INTRODUCTION

In the last year, publications have shown that Oxygen Free Radicals (OFR) are involved
in the growth of carcinogenic lesions (1), cause DNA fragmentation and, as a result, cell
death (2), and occur in high levels in the breast cancer cell line MCF-7 (3). Reduction of
OFR levels either by using OFR scavengers (1) or by inhibiting enzymes responsible for
the production of OFR (2,3) stopped the cellular process they were correlated with;
Development of the tumor or DNA fragmentation. One of the hypotheses is that OFR can
cause different effects because their effect is concentration dependent. The hypothesis is
that high levels of OFR can cause DNA damage and cell death, lower concentrations can
cause apoptosis, and even lower concentrations fail to activate the apoptosis signaling
and allow cell growth and cancer development. This research proposal suggests testing
this theory. The information from this research can be used as a diagnostic tool in cancer
detection. It also can provide a scale for the OFR levels and their potential effect on
cells.

BODY

The purpose of this research is to show a correlation between the concentrations of

oxygen free radicals (OFR) and their effect on cells. The hypothesis is that the effect of 1
OFR is concentration-dependent and that in high concentrations OFR cause cell death, in !
lower concentrations OFR cause apoptosis, and in even lower concentrations, OFR fail to

activate the apoptosis signal transduction pathway and therefore cannot regulate cell

growth, which leads to carcinogenesis.

To test this hypothesis, the statement of work divides the period covered by this grant

into three phases:

Phase 1 — June 2000 — January 2001(Months 1-8).

1. Establishing work meeting with Dr. O’Connor, which acts as a mentor on this
grant. Equip the lab.

Hire an undergraduate student.

Train the student.

Establish breast cell line.

Establish primary epithelial cell culture and tissue culture.

Nk

These goals have been successfully achieved.

1. My students and I meet with Dr. O’Connor every Wednesday and Dr. O’Connor
and I meet with Dr. Jansen once a month or as required.
I have equipped the laboratory with Biological safety hood, CO, incubator, -40°C
freezer, Refrigerator, water bath + shaker, analytical balance, pH meter,
Centrifuge, Fluorescent microscope, hot plate, and miscellanies that are needed in
a tissue culture lab. Xavier university of Louisiana provided me with additional
research space (an isolated room to function as a tissue culture room), and with
three laptop computers for our use.




From an NSF-EPSCoR grant I have purchased a desk top, colored printer, and a
scanner. This equipment allows better analysis and presentation of the results. The
fluorescent microscope is hooked to the desktop.

. T'hired Mr. Imani Jones, a Xavier student, as an undergraduate research assistant.

He is taking care of the cell lines as well as the tissue culture and operates all
equipment in the lab.

Ms. Terra L. Jones, a Xavier student, is volunteering in my lab and dedicates

her time for maintenance of the equipment. She is responsible for the orders,
clean-up, and functions as a lab manager.

Xavier University of Louisiana, through the NIH-MARC program provided me
with two students who work on the project too. Ms. Crystal lane and Ms.
Christina Griffin work is funded by this grant but the NIH funds their scholarship.
Ms. Lane and Ms. Griffin are responsible for the measurements of OFR in cells.

I have mentored research students through a research class offered in the
Chemistry Department at Xavier University (CHEM4083); Tzucanow Cumming,
Tamika Tyson, Shalon Babbitt, Shelia Goodmsn, Karachie Ward, and Allison
Stephens. These students participated in the data collection. They were exposed to
cancer research, which is an important aspect of this grant since they are all
African American. A group, which is underrepresented in this area.

. All students worked in Dr. O’Connor, from Tulane University — Chemical

Engineering Department, laboratory in order to master the use of the fluorescence
microscope. The students were trained in the tissue culture facility of Dr. Wiese
from Xavier University of Louisiana, Pharmacy school, and learned how to
maintain cell lines under my supervision. Today, Mr. Jones is responsible for the
maintenance of the cell lines and training of new students, in our fully functional
tissue and cell culture facility.

The students also worked in Dr. Zeev Rosenzweig’s laboratory at The University
of New Orleans (UNO), Chemistry Department in order to learn how to perform
the OFR measurements.

. In the new cell culture facility we have established breast cancer cell line (MCF-

7) and normal breast cell line (MCF-10). These cells were used for OFR
measurements. We also established murine macrophages (J774). This addition
was made because we found it easier to use cells that can do phagocytosis in the
OFR measurements. Together with Dr. Rosenzweig’s research group, we have
developed lipobeads that can be targeted in the cells and perform variety of
localized measurements. This is part of Dr. Rosenzweig’s research effort to
develop tools for single cell analysis. We are collaborating with the

group at UNO so we can use their technology to accurately measure OFR in cells.
The initial goal of the study was to develop a technique to measure the
intracellular level of molecular oxygen, which is closely related to OFR levels in
cells. However, we have encountered a problem. The lipobeads, which

contain the fluorescence probes could not diffuse to the cells nor could they be
transferred to the cells without inducing cell damage. To overcome this problem
we started to work with macrophages. These cells can naturally internalize the
lipobeads with the dye (sensor) by phagocytosis. It allowed us to test the ability
to measure intracellular oxygen; the sensitivity of the method, the stability of the




dye the accuracy of the measurement, and its reversibility. The results of these
efforts were published in five papers (4,5,6,9,10,11,12).

5. We were not able to establish primary tissue cultures. The main problem was \
logistic. In our preliminary experiments we established the need for the tissue to |
be as fresh as possible in order for the culture to develop in the lab. The nature of
my position and the fact that I work with undergraduate students did not provide
the flexibility to go to the operation room and get the tissue as it was removed
from the patients.

Phase 2 — February 2001 — September 2001 (Months 9-16)

1. Measurements of OFR in breast cell lines and in primary breast cells.

2. Measurements of apoptosis as a function of exposure to H>O; in breast cell
lines and primary breast cells.

3. Measurements of growth before and after exposure to H,O,.

4. Measurements of immortality in the presence of different concentrations of
H,0,.

5. Analysis of tumor aggressiveness.

As stated in phase one, the research on primary tissue cultures was not performed due to
technical difficulties.

1. Since breast cell lines and primary breast cells cannot do phagocytosis, and in
order for the dyes to enter the cells, phagocytosis is required, the preliminary
work was done with murine macrophages. We were able to measure oxygen
in cells in an accurate, sensitive, and reproducible way. Results of these
experiments were published in five different papers (4,5,6,9,10,11,12) and the
papers are attached at the end. We used the free dyes, without binding to
lipobeads and measured oxygen in the cells after simple diffusion of the dyes
into the cells. This work is presented in the appendix under “unpublished
data”, Figure I. My plan is to present these results in the 2002 Era of Hope
Conference.

2. Apoptosis measurements were done in murine macrophages as a model to
study the use of the apoptotic commercial kit. The results of these experiments
were presented at The ACS meeting in New Orleans (7,8). The apoptosis
measurements in breast cells are presented in the appendix under
“unpublished data”, Figure Il A and B. My plan is to present these results in
the 2002 Era of Hope Conference. The results show that high concentrations
of H202 cause cell death that is not associated with apoptosis. Low
concentrations cause apoptosis and very low concentrations do not cause
apoptosis or cell death.

3. Growth measurements, by the use of Trypan Blue and cell counting was
studied and established on murine macrophages and on breast cells. The
results of the study on murine macrophages were presented in the ACS
meeting (7,8). The results on breast cells are presented in the appendix under
“unpublished data”, Figures IIIA and B. My plan is to present these results in




the 2002 Era of Hope Conference. The results show that low concentration of
H202 cause inhibition of growth, very low concentrations of H202 cause
increase in growth, and high concentrations prevent growth.

4. Immortality study was not performed.

Aggressiveness studies were not done.

6. Correlation between Cytochrome P-450 and OFR. This work was done in
collaboration with Dr. Foroozesh from Xavier University of Louisiana. Dr.
Foroozesh is an organic chemist and synthesizes inhibitors for Cytochrome P-
450. We have shown that inhibition of Cytochrome P-450 activity reduces the
levels of OFR in breast cancer cells. This work was presented in the 2002
CUR conference in Washington (14).

W

Phase 3 — October 2001 — November 2001 (Months 17-18)

I have submitted two grant applications to the Breast Cancer Program of the DOD last
year. These proposals were not funded.

I have submitted a grant application to the Ovarian Cancer Program of the DOD. This
grant application is still pending.

I have submitted a grant application, as a CoP] together with Dr. Zeev Rosenzweig, to the
NIH. This grant application is still pending.

I have received funding from the NSF-EPSCoR for a period of three years. This is the
first year of funding.

KEY RESEARCH ACCOMPLISHMENTS

e Establishment of research laboratory equipped with cell culture facility
and equipment to perform fluorescence measurements.

e Establishment of collaboration with laboratories in research

universities at the New Orleans and Xavier vicinity.

Attracting minority students to the area of breast cancer research.

Establishment of breast cell lines.

Establishment of apoptosis measurements.

Establishment of fluorescence measurements.

Five peer-reviewed publications.

Five proposals submitted to federal agencies. One successful and two

pending.

o Six presentations by Xavier students in national and international
conferences.

REPORTABLE OUTCOMES

Papers

"Synthesis and Application of Submicrometer Fluorescence Sensing Particles for
Lysosomal pH Measurements in Murine Macrophages"”, Jin Ji, Nitsa Rosenzweig,
Christina Griffin, and Zeev Rosenzweig, Anal. Chem. (2000), 72: 3497-3503.




"Molecular Oxygen Sensitive Fluorescent Lipobeads for Intracellular Oxygen
Measurements in Murine Macrophages”, Jin Ji, Nitsa Rosenzweig, Imanie Jones and
Zeev Rosenzweig, Anal. Chem. 2001 (published on the internet ACS website June
2001).

"Synthesis, Characterization and Application of Fluorescent Sensing Lipobeads for
Intracellular pH Measurements in Single Cells", Kerry McNamara, Thuvan Nguyen, Jin
Ji, Gabriela Dumitrascu, Nitsa Rosenzweig and Zeev Rosenzweig, Anal. Chem (2001)
73: 3240-3246.

“Development of A Digital Fluorescence Sensing Technique to Monitor the Response of
Macrophages to External Hypoxia”, Jacob K Asiedu', Jin Ji', Mai Nguyen', Nitsa
Rosenzweig’, and Zeev Rosenzweig'* J Biomed Opt 2001 Apr; 6(2):116-21

“A Novel Fluorescent Oxygen Indicator for Intracellular Oxygen Measurements”, Jin Ji!,
Nitsa Rosenzweig?, Imanie Jones® and Zeev Rosenzweig'* J. Biomed. Optics, 2002 (in
press).

Presentations

"Optochemical Sensors and Probes for Single Cell Analysis. ", Jin Ji, Nitsa Rosenzweig,
Imani Jones and Zeev Rosenzweig, ACS Spring 2001.

“Effect of intracerllular sensors on cells” Imani Jones, Crystal Lane, Tzucanow
Cummings, Tamika Tyson, and Nitsa Rosenzweig. Presentation at Southeast/Southwest
Regional ACS Meeting, January 2001, New Orleans, LA.

“MOLECULAR OXYGEN SENSITIVE FLUORESCENT LIPOBEADS FOR SINGLE
CELL ANALYSIS”, JIN JI !, IMANI JONES 2, NITSA ROSENZWEIG %, AND ZEEV
ROSENZWEIG! , Pitcon 2001, New Orleans Louisiana, March 2001

392

“Application of FRET microscopy for real time monitoring of drug delivery into single
cells”, Dumitrascu, Gabriela; Lane, Crystal; Jones, Imani; Rosenzweig, Nitsa;
Rosenzweig, Zeev. 223rd ACS National Meeting, Orlando, FL, United States, April 7-11,
2002

“Fluorescence transfer energy- new analytical tool for the drug delivery follow up”,
Gabriela Dumitrascu, Imani Jones, Nitsa Rosenzweig, and Zeev Rosenzweig Pitcon
Conference, New Orleans, LA, March 17-22, 2002

Correlation Between Oxygen Free Radicals and Cytochrome P-450 Activity in Breast
Cancer Keiana Thomas, Tasha Smith, Maryam foroozesh, Nitsa Rosenzweig CUR April
2002.




Funding

“Separation and Molecular Markers Identification of Breast Cancer Cells. Implications
for Diagnosis and Prognosis”, DoD, 112,252, June 2002 — May 2005. Not funded.

“Career Development — Molecular Markers in Breast Cancer”, DoD, $277,047, June
2002 — May 2006. Not funded.

“Neurotechnology Research, Development and Enhancement”, NIH, $125,000,
08.01.2002-07.31.2007. Pending.

“Application of Functional Magnetic Nanoparticles for Ultrasensitive Detection of
Ovarian Cancer”, DOD, $478,601, 06.01.2003-06.30.2005. Pending.

“Louisiana nanotechnology initiative”, NSF-EPSCoR, $105,000, June 2001-June 2004.
Funded.

Employment

Based on the experience he gained in my lab, Mr. Imani Jones has received a lab
technician position at LSU Medical School.

Ms. Griffin is pursuing a Ph.D. at MIT.

Ms. Crystal Lane graduated from Xavier this year and is applying to medical school.

CONCLUSIONS

The data collected in this work show that breast cancer cells have higher levels of OFR
than normal breast cells. The results also indicate that OFR effect on growth, apoptosis,
and cell death is concentration dependent. This finding provides a clue for breast cancer
treatment. We have shown that by changing the concentration of OFR we can force the
cells to favor apoptosis over growth.

The measurement of OFR is still imperfect and we continue to work, in collaboration
with UNO, through the NSF-EPSCoR fund, on the development of sensor for OFR that
will have no toxic effects on the cells.
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Synthesis and Application of Submicrometer
Fluorescence Sensing Particles for Lysosomal pH
Measurements in Murine Macrophages

Jin Ji,' Nitsa Rosenzweig,* Christina Griffin,* and Zeev Rosenzweig*'

University of New Orleans, Department of Chemistry, New Orleans, Louisiana 70148, and Xavier Universily of Louisiana,

Department of Chemistry, New Orleans, Louisiana 70125

Phagocytosis of bioparticles such as bacteria and viruses
by macrophages is a critical component of the immune
response against infections. In this paper we describe the
synthesis of submicrometer fluorescent particles with pH
sensing capability. The particles are used to measure the
pH and to monitor the effect of chloroquine, an antima-
larial drug, on the pH in the lysosome, the cellular
organelle involved in the phagocytosis process. The
synthesis of the pH sensing particles is realized by the
covalent attachment of amine reactive forms of Oregon
Green (pH sensitive dye) and Texas Red (pH insensitive
dye) to the surface of amino-modified submicrometer
polystyrene particles, The particles are absorbed by J774
Murine Macrophages through phagocytosis and directed
to lysosomes. Despite the high lysosomal levels of diges-
tive enzymes and acidity, the absorbed particles remain
stable for 12 h in the cells when they are stored in a PBS
buffer solution at pH 7.4. The pH dynamic range of the
sensing particles is between pH 4.5 and 7 with a sensitiv-
ity of 0.1 pH units. Exposure of the cells to chloroquine
increases the lysosomal pH from 4.8 to 6.5. The effect is
concentration-dependent.

Biological studies at the single-cell level have attracted the
attention of researchers from various disciplines for decades. Two
of the most popular cellular analysis techniques are fluorescence
microscopy and flow cytometry.!"8 Fluorescence microscopy is
used for real-time continuous observation of cells, while flow
cytometry is used to rapidly analyze a large number of single cells
with a rate of analysis reaching up to 10 000 cells/second. Unlike

in fluorescence microscopy, each cell is observed only once as it .

flows through the detection system of the flow cytometer. A

! University of New Orleans.
* Xavier University of Louisiana.
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common feature of these two complementary and well-advanced
techniques is the emplayment of molecular fiuorescent probes to
Jabel the observed cells.

The number of fluorescent probes for cellular analysis has been
growing steadily over the last 20 years. Most notable are the
numerous fluorescent probes for intracellular pH and free calcium
jons.’8 Fluorescent probes for other cellular components (reactive
oxygen species, inorganic and metal ions) and for cellufar
properties such as viability, morphology and fluid flow, and
membrane potential have also been developed.? Nevertheless, the
number of cellular constituents that can be quantified using
fluorescence microscopy and flow cytometry is limited due to the
cytotoxicity of most organic chromophors. Because of their
cytotoxicity, it is also impossible to load the entire cell with
bioactive molecules such as enzymes and antibodies for selective
detection. Other problems associated with cellular labeling include
possible alteration of cellular functions, false readings because of
the heterogeneous intracellular distribution of fluorophors within
the cell, and the possible crosstalk between adjacent cellular
zones.

Submicrometer fiber-optic fluorescence-based sensors have
been recently developed in an attempt to address the need for
nontoxic and noninvasive intracellular measurement techniques.1-13
To realize true noninvasive intracellular analysis, these sensors
are about 100 times smaller than the analyzed cell. To prevent
cytotoxicity upon insertion of the sensor into the cell, the sensing
reagent is isolated from the cellular environment by a biocom-
patible matrix. In principle, it is possible to fabricate a sensor that
contains several fluorophors and bioactive macromolecules such
as enzymes, protein receptors, and antibodies for muitiple analyte
sensing. The scope of analytes that can be detected with these
minjaturized sensors far exceeds the coverage of fluorescence
microscopy and flow cytometry. In addition, miniaturized fluores-

(7) Johnson, 1. Histochem J. 1998, 30, 123—~140.

(8) de Silva, A. P.; Eilers, J.; Zlokarnik, G. Proc. Natl. Acad Sci. U.5.A. 1999,
96, 8836—8837.

(9) Szucs, S.; Vamosi, G.; Poka, R; Sarvary, A; Bardos, H.; Balazs, M.;
Kappelmayer, J; Toth, L.; Szollosi, J.; Adany, R. Cytometry 1998, 33, 19—
31

(10) Shalom, S.; Strinkovski, A.; Peleg, G.; Druckmann, S.; Krauss, A.; Lewis,
A Linial, M.; Ottolenghi, M. Anal. Biochem. 1997, 244, 256~259.

(11) Xin, Q.; Wightman, R. M. Anal. Chem. 1998, 70, 1677—1681.

(12) Koronczi, 1; Reichert, J.; Heinzmann, G.; Ache, H. J. Sens. Actuators, B 1998,
51, 188—195.

(13) Rosenzweig, Z.; Kopelman, R. Anal. Chem. 1995, 67, 2650—2654.
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cent sensors can be used for site-specific intracellular measure-
ments since problems associated with heterogeneity of the cellular
environment and the distribution of fluorescent probes in the cell
are eliminated.

The employment of a single fluorescent nanoparticle as an
optochemical sensor by Sasaki et al. in 1996" marks the
emergence of a new type of submicrometer fluorescence sensor.
Sasaki et al. entrapped the pH sensitive dye fluorescein in
polyacrylamide nanoparticles and used the resulting particles to
measure the pH distribution in a water/glass interface. Recently,
Kopelman et al. prepared a new type of fluorescent nanosensor
named PEBBLEs (Probes Encapsulated by Biologically Localized
Embedding).""® In PEBBLEs, the sensing fluorophors are
copolymerized or entrapped in hydrogel particles. PEBBLEs
ranging from 20 to 200 nm in diameter were applied for pH,
calcium ion, and nitric oxide measurements in single cells. These
new nanosensors show very high selectivity and reversibility, fast
response time, and reversible analyte detection. They were
delivered into the observed cells by a varlety of minimally invasive
techniques, including picoinjection, gene-gun delivery, liposomal
incorporation, and natural ingestion. The new technique offers
several important advantages over previously described optical
fiber nanosensors. First, chemical information can be obtained
from a large number of cells simultaneously. Second, because of
their small size, the particles can be used to detect analytes in
cellular organelles. Third, the technique is truly noninvasive,
allowing intracellular measurements while maintaining cellular
viability. The confinement of the sensing dyes to the PEBBLE
prevents dye compartmentalization and enables the differentiation
of the nanosensor {ocation from autofluorescence centers in the
observed cells.

This paper describes the synthesis and spectral characteriza-
tion of new and improved submicrometer fluorescent particles and
their application as pH sensors in the lysosomes of Murine
Macrophages. Macrophages are a natural target for particle-based
fluorescence sensors because of their ability to absorb particles
through phagocytosis. Phagocytosis of bioparticles such as
bacteria or viruses by macrophages is recognized as a critical
component of the immune response to infection.! In phagocytosis,
the invading pathogens are directed into intracellular lysosomes,
which are acidic organelles that are isolated from the cell
cytoplasm and other organelles. The macrophages then release
digestive enzymes and oxidative agents into the lysosomes to
destroy the invading pathogen. The measurement of lysosomal
pH can serve as an indication for lysosomal activity. Schlesinger
et al. reported lysosomal pH measurements using bacterial or
synthetic particles labeled with fluorescein.®® Straubinger et al.

(14) Sasaki, K; Shi, Z.; Kopelman, R.; Masuhara, H. Chem. Lett. 1996, 141—
142.

(15) Clark, H. A; Barker, S. L. R; Brasuel, M.; Miller, M. T.; Monson, E; Parus,
S.; Shi, Z; Song, A Thorsrud, B; Kopelman, R.; Ade, A.; Meixner, W; Athey,
B.; Hoyer, M; Hill, D.; Lightle, R.; Philbert, M. A. Sens. Actuators, B 1998,
B51, 12—16.

(16) Clark, H. A.; Hoyer, M.; Philbert, M. A.; Kopelman, R. Anal. Chem. 1999,
71, 4831—4836.

(17) Clark, H. A.; Kopelman, R; Tjalkens, R.; Phitbert, M. A. Anal. Chem. 1999,
71, 48374843,

(18) Clark, H. A.; Hoyer, M;; Philbert, M. A.; Kopelman, R. Mikrochim. Acta
1999, 131, 121-128.

(19) Roitt, £. M.; Brostoff, J.; Male, D. K. fmmunology, Grower Medicat Publishing
Co.: New York, 1989, 1-4.
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Figure 1. Digital fluorescence imaging microscopy system. The
experimental setup consists of an inverted fluorescence microscope
with a 40X objective (N.A. 0.9). A scanning spectrograph and a high
performance charge coupled device camera (16-bit 512 x 512 chip
size) are attached to one detection port. A 35-mm camera is attached
to another detection port. A PC compatible microcomputer equipped
with digital imaging analysis (Winspec 3.2, Raper Scdientific) is used
for data analysis.

used particles dually labeled with fluorescein (pH sensitive) and
tetramethy! thodamine (pH nonsensitive) to measure the lysoso-
mal pH. The pH independent fluorescence peak of tetramethyl
rhodamine was used as an internal standard to normalize the pH
response of the particles.” However, spectral overlap between the
emission peaks of fluorescein and tetramethyl rhodamine and the
fluorescence resonance energy transfer between fluorescein and
tetramethyl rhodamine Himited the accuracy of the measurement.
The sensing particles we fabricated in this study show significant
improvement in sensitivity and stability compared with those of
previously used particles in the analysis of macrophages. The
analytical properties of the particles and their application to
monitor the effect of the antimalarial drug chloroquine on the pH
in the lysosomes are discussed.

EXPERIMENTAL SECTION

Digital Fluorescence Microscopy. The detection system
used for fluorescence measurements of the sensing particles is
shown in Figure 1. The system consists of an inverted fluores-
cence microscope (Olympus IX-70) equipped with three detection
ports and with a 100-watt mercury lamp for excitation. The
fluorescence is collected by a 40X-microscope objective with a
numerical aperture of 0.75. A filter cube containing a 470—490-
nm excitation filter, a 500-nm dichroic mirror, and a 515-nm cut-
on emission filter is used to ensure spectral purity. The fluores-
cence signal is dispersed by a 150-mm three-mirror spectrograph
(Acton Research, Inc.) equipped with a 600 grooves/mm grating,
blazed at an optimum wavelength of 500 nm. The grating can be
replaced with a mirror, and the exit slit can be removed from the
path of the fluorescence signal signal to allow the image of the
particles to pass through the spectrograph without being dispersed
by the grating. A high-performance charged-coupled device (CCD)
camera (Rupert Scientific, model 256HB) with a 512 x 512 pixel
array is used for spectroscopic imaging or for digital fluorescence
imaging of the particles. An exposure time of 0.5 s is used to
acquire the fluorescence spectra of the particles. A PC micro-

(20) Schlesinger, P. H. Methods Cell. Biol. 1994, 45, 289-311.
(21) Oh, Y. K,; Straubinger, R. M. Infect. Immun. 1996, 64, 319—325.
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Figure 2. Synthesis of the pH sensing particles. Amino-modified submicrometer polystyrene particles react sequentially with succinimidyl
ester derivatives of Oregon Green and Texas Red at room temperature in a light-tight environment.

computer (Gateway 2000, with a 200 MHz Pentium microproces-
sor) is employed for data acquisition. The Rupert Scientific
software WinSpec/32 is used for image analysis.

Synthesis of Dual-Labeled Particles. Synthesis of submi-
crometer polystyrene particles coated with Oregon Green 488 and
Texas Red is achieved by covalent attachment of succinimidyl
ester (SE) derivatives of the dyes to the surface of amino-modified
polystyrene particles as shown in Figure 2. An alternative coupling
technique involves the use of isothiocynate (ITC) derivatives of
the fluorophors. However, coupling through the SE functional
group leads to the formation of an amide bond, which is more
resistant to hydrolysis than the thio-amide bond formed using ITC
coupling. Additionally, succinimidy! ester derivatives show higher
coupling reactivity to amino-modified polystyrene particles than
isothiocynate derivatives.

The preparation of the particles is carried out according to the
following procedure: 250 uL of a 5.75% suspension of polystyrene
particles is diluted by 6-fold into a 1.5-mL buffer solution of 0.1 M
sodium hydrogen bicarbonate (pH 8.3). The diluted particle
solution is sonicated in an ice bath for 5 min to ensure monodis-
persity. Then, a 1.5-mL solution of 300 xuM Oregon Green 488,
SE, and 0.1 M sodium hydrogen bicarbonate is slowly added to
the particle solution under continuous sonication. The mixture is
mixed periodically with a Pasteur pipet to avoid aggregation. The
gently stirred reaction mixture is incubated for 2 h at room
temperature in the dark. Then, a 15-¢L solution of 40 uM Texas
Red and SE dissolved in Dimethylformamide is slowly added to
the particle solution under sonication. The gently stirred reaction
mixture is incubated overnight at room temperature in the dark
to complete the labeling. The particles are precipitated by slow-
speed centrifugation (1000g) for 10 min, washed 3 times, and
stored in a buffer solution of 0.1 M sodium hydrogen bicarbonate
at pH 8.3. The particle suspension is protected from room light
to prevent photo-oxidation. The particles are stable for at least 3
weeks under these storage conditions.

Cell Culture. Cultures of J774 Murine Macrophages are
maintained according to a standard protocol.? The cells are
cultured in Dulbecco’s modified Eagle’s medium supplemented
with 4 mM L-glutamine, 1.5 g/L sodium bicarbonate, 4.5 g/L
glucose, 1 mM sodium pyruvate, and 10% fetal bovine serum. The
cells are grown at 37 °C in 5% CO;. The medium is replaced 3
times a week. To prepare subcultures, the cells are scraped in
new medium and split into new plates.

Phagocytosis of the pH Sensing Particles by Macro-
phages. The macrophages are detached from the culture plate
surface by scraping. The medium containing cells is centrifuged
at 500¢ for 10 min to precipitate the cells. Cells are collected and
diluted into (1—3) x 10 cells/mL solutions using fresh medium.
The concentration of the cells is determined by standard hema-
cytometry using Trypan Blue to assess cell viability?* For
phagocytosis experiments, 1 mL of cells ((1-3) x 10° cells/mL)
is incubated in the dark at 37 °C for 15 min with 200 L of a 0.5%
suspension of fluorescence-sensing particles. The cells are then
washed 3 times with a PBS buffer (pH 7.4) to remove particles in
excess. A 10uL sample of cells containing sensing particles is
placed between two cover slips on the microscope stage and
analyzed by digital fluorescence imaging microscopy.

Fluorescence Spectroscopy Measurements. The excitation
and emission spectra of fluorescent dye solutions are obtained
using a spectrofluorometer (PTI International, model QM-1),
equipped with a 75 Watt continuous Xe arc lamp as a light source.

Materials. Oregon Green 488, Texas Red-X, and succinimidyl
ester (SE) are obtained from Molecular Probes, Inc. A 5.75%
(solids percentage) suspension of amino-modified particles with
an average diameter of 0,9 zm (4:1% variation) is obtained from
Bangs Laboratory, Inc. Aqueous solutions are prepared with 18
MQ deionized water produced by a water purification system

(22) Gordon, S. BioFssays 1995, 17(11), 977-986.
(23) Biochemicafs, Organic Compounds for Research and Diagnostic Reagents,
Sigma Chemical Co.: St. Louts, MO, 1998; pp 1844—~1845.
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(Barnstead Thermolyne Nanopure). pH buffers are obtained from
Fisher Scientific. Sodium hydrogen bicarbonate and dimethylfor-
mamide are purchased from Aldrich. J774 Murine Macrophages
are purchased from ATCC (American Type Culture Collection).
The Dulbecco's modified Eagle’s medium and bovine serum
albumin are purchased from Sigma. All reagents are used as
received without further purification.

RESULTS AND DISCUSSIONS

Choice of Fluorescence Indicators. Fluorescein is frequently
used in biological applications because of its high absorptivity and
emission quantum yield in the visible range of the electromagnetic
spectrum. When derivatized with acetomethyl ester group, fluo-
rescein becomes cell-permeable and can be used for various
intracellular applications including pH measurements. As previ-
ously mentioned, fluorescein has been used to determine the pH
in intracellular lysosomes.?2! However, the lysosomal pH of 5 is
below the pH range of fluorescein (pK, = 6.4),%* preventing
accurate pH measurement. Oregon Green 488 is used as a pH
indicator in our measurements. Like fluorescein, Oregon Green
488 is excited at 488 nm and its maximum emission is around
520 nm. Oregon Green 488 shows a 2-fold increase in photosta-
bility compared with fluorescein. More importantly, the pK, of
Oregon Green 488 is 4.7, which makes it more suitable than
fluorescein for site-specific pH determination in intracellular
lysosomes. ;

Texas Red, a pH nonsensitive fluorescent dye is co-immobilized
to the surface of the sensing particles, and its fluorescence is used
as a reference signal. Texas Red is selected over tetramethyl
rhodamine, another commonly used pH nonsensitive fluorescent
dye. The two dyes are highly photostable, and like Oregon Green
488, can be excited at 488 nm. They show a strong red shift with
a maximum emission wavelength longer than 600 nm. A com-
parison between the two dyes is shown in Figure 3. Figure 3a
shows the fluorescence spectra of solutions containing 0.3 M
Oregon Green 488 and 15 M carboxytetramethyl rhodamine at
(a) pH 4. (b) pH 5, () pH 5.5, (d) pH 6 and (e) pH 7, when excited
at 488 nm. A spectral overlap between the two emisslon peaks is
noticeable. Furthermore, the fluorescence peak of tetramethyl
rhodamine increases by 15% when the pH increases from 4 to 7.
The change in the level of the reference signal with increasing
pH limits the accuracy of the measurement. Unlike in experiments
where Oregon Green is used to measure the pH without the
presence of a reference dye, the Oregon Green emission peak
increases slightly at pH values higher than 6.5. This increase, and
the instability of the emission peak of tetramethyl rhodamine, are
partially attributed to spectral overlap between the two emission
peaks. It is possible that fluorescence resonance energy transfer
(FRET) between Oregon Green 488 (donor) and tetramethyl
rhodamine {acceptor) also contributes to the signal change of the
reference dye. FRET between fluorescein, which is very similar
in its structural and spectral properties to Oregon Green 488, and
carboxytetramethyl rhodamine has been previously studied.” For
example, DNA primers tagged with fluorescein and tetramethyl
thodamine are used in a recently introduced FRET based

FLUORESCENCE INTENSITY ( arb. units )
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Figure 3. (a) Fluorescence spectra of 0.3 uM Oregon Green 488
and 15 uM carboxyltetramethyt rhodamine solutions of pH values
ranging from 4 to 7. (b) Fluorescence specira of 0.3 M Oregon Green

and 15 uM Texas Red solutions of pH values ranging from 4 to 7.
The samples are excited at 488 nm.

4-fluorophore DNA sequencing technique.? Figure 3b shows the
fluorescence spectra of solutions containing 0.3 M Oregon Green
488 and 15 M Texas Red at (a) pH 4, (b) pH 5, (c) pH 5.5, (d)
pH 6, and (e) pH 7 (pH 4—7) when excited at 488 nm. A baseline
separation between the fluorescence peaks is ocbserved. While the
optimal excitation wavelength of Texas Red is 595 nm, it can still
be excited at 480 nm with 16fold lower excitation efficiency.
Increasing the density of Texas Red on the surface of the particles
negates the loss of fluorescence signal due to the low excitation
efficiency.

A digital fluorescence image of the submicrometer dually
labeled fluorescent sensing particles is shown in Figure 4a. The
particles are spherical in shape and average 0.9 micrometer in
diameter. They are evenly coated with the fluorophors. The signal-
to-noise ratio of the fluorescent particles is about 200. Figure 4b
shows the emission spectrum of the dually labeled particles. The

(24) Vergne, 1; Constant, P.; Laneelle, G. Anal. Biochem. 1998, 255, 127-132.
(25) Mergny, J. L. Biochemistry 1999, 38(5), 1573—1581.
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Figure 4. (a) Digital fluorescence image of 0.9-um dually labeled
fluorescent sensing particles. The sensing particles are suspended
in a PBS buffer solution at pH 6. A 470—490-nm excitation filter, a
505-nm dichroic mirror, and a 515-nm cut-on emission filter are used
to collect the image through a 40X microscope objective. The
exposure time is 0.5 s. {b) Fluorescence spectrum of the dually
labeled particles at pH 6. Despite the partial overtap between the
emission peaks, the contribution of Oregon Green to the peak height
at 625 nm is negligible.

spectrum is obtained using the digital fluorescence imaging
spectroscopy system described in Figure 1. A partial spectral
overlap between the emission peaks of Oregon Green and Texas
Red is observed. This spectral overlap is attributed to the covalent
attachment of the dye molecules to the surface of the particles.
To increase the accuracy of the pH measurements, the reference
signal is measured at 625 nm, 20 nm redshifted from the
maximum emission peak of Texas Red. It can be seen that the
contribution of the Oregon Green to the peak height at 625 nm is
less than 10%. As a resuit, the peak height at 625 nm shows only
a 5% varlation when the pH of the sample solution is changed
from 4 to 7.
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Figure §. A pH calibration curve of the pH sensing particles. The
ratio between the fluorescence intensities of Orgeon Green at 525

nm and Texas Red at 625 nm is plotted against the pH of standard
buffer solutions.

Photostability of the pH Sensing particles. To test the
photostability of the particles, samples of particles were placed
on the microscope stage and illuminated continuously at 480 nm.
The fluorescence intensity of Oregon Green 488 decreases by
approximately 10% during 30 min of continuous illumination, while
the fluorescence intensity of Texas Red does not change under
these illumination conditions. During our kinetic measurements,
the particles are exposed to the excitation light for less than 1 s
in each measurement. Each experiment lasts 30 min, and images
are taken in 30-s intervals. We therefore conclude that under our
illumination conditions the particles remain photostable through-
out the experiment.

Calibration of the pH Sensing Particles. The pH sensing
particles are calibrated against standard solutions of pH 4—7. The
particles are immobilized to the negatively charged surface of a
glass cover slip by spin-coating. The particles adsorb strongly to
the glass surface at acidic and natural pHs, allowing replacement
of solutions over the immobilized particles. To calibrate single
particles, a diluted solution of pH sensing particles is visualized
through the microscope. A particle is then positioned at the center
of the field of view. The field of view is imaged through a slit,
allowing only the fluorescence of one particle to be dispersed by
the attached spectrograph. A CCD camera collects the fluores-
cence spectrum of the particle. The pH is determined on the basis
of the ratio between the emission peaks of Oregon Green at 515
nm and the emission peak of Texas Red at 625 nm. Figure 5
describes the pH dependence of the ratio between the fluores-
cence signals of Oregon Green 488 and Texas Red obtained from
10 pH sensing particles. A variation of about 5% in the signal ratio
of different particles at a given pH is observed. The dynamic range
of the particles is found to be between pH 4.5 and 7, with a pH
sensitivity of 0.1 pH unit. The response time of the particles is
less than 1s.

Intracellular pH Measurements. As previously mentioned,
the particles are internalized by the macrophages and directed
to intracellular lysosomes. A brightfield image and a digital
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Figure 6. (a) Bright field transmission image and (b) Digital
fluorescence image of 0.9-um fluorescent particles internalized by

macrophages. The particles remain stable in the cells up to 12 h after

ingestion.

fluorescence image taken through a 40X-microscope objective of
0.9.um fluorescent particles internalized by macrophages are
shown in Figure 6. The brightfield image shows that individual
particles are isolated from each other in the cell. The signal-to-
noise ratio in the fluorescence image is about 100. The lysosomal
pH is determined by comparing the ratio between the fluorescence
signal of Oregon Green 488 at 525 nm and the fluorescence signal
of Texas Red at 625 nm to the pH calibration curve (Figure 5).
We assume that the pH calibration curve constructed from data
obtained in aqueous solution can be used to determine the
lysosomal pH. Since it is impossible to calibrate the pH probe
inside the cell, one must interpolate the results obtained in
aqueous solution to the cellular environment. To test this
interpolation, we measured the effect of bovine serum albumin
(BSA), a major cellular constituent, on the fluorescence intensity
of the pH sensing beads. BSA is a hydrophobic protein that is
likely to adsorb to the surface of the particles. A slight decrease
of less than 10% in the fluorescence intensity of Oregon Green
and Texas Red was observed. The ratio between the fluorescence
intensities of the indicators shows only a marginal change, which
is lower than the +5% error of our digital fluorescence imaging
and spectroscopy system.

The lysosmal pH, measured immediately after phagocytosis
of the particles, is measured in a large number of Murine
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Figure 7. Effect of chloroquine on lysosmal pH. The ratio between
the fluorescence intensities of Oregon Green and Texas Red (right)
and the lysosomal pH (left) are plotted against a time coordinate at
increasing chloroquine concentrations. Curve a represents a control
experiment in chloroquine-free solution. Curves b, ¢, and d represent
the effect of 10, 50, and 100 M chloroquine, respectively, on the
lysosomal pH. The lysosomal pH increase due to exposure to
chloroquine is concentration-dependent.

Macrophages to be 4.8 + 0.1. It increases to 5.2 + 0.1 when the
cells are kept for 1 h in a PBS solution of pH 7.4. This result is in
agreement with previous studies that use flow cytometry to
analyze the pH in the lysosomes of macrophages.?28 The particles
maintain their structural integrity and fluorescence intensity for
12 h, indicating that the conditions in the lysosomes do not
chemically affect the polystyrene particles. To demonstrate the
utility of the newly synthesized fluorescence-sensing particles, we
use them to monitor the lysosomal pH when the cells are exposed
to increasing concentrations of the antimalarial drug, chloro-
quine.? Chloroquine has been shown to induce a lysosomal pH
increase in macrophages,® which may be related to its antimalarial
activity. Figure 7 describes the effect of increasing chloroquine
concentrations on the lysosomal pH of individual macrophages.
Curve a is a control experiment performed in a chloroquine-free
solution. It shows that the fluorescence-intensity ratio between
the emission peaks of Oregon Green and Texas Red remains
constant in the absence of chloroquine throughout the experiment.
This observation clearly indicates that the ratio between the
fluorescence intensities of the indicators is not affected by the
lysosomal environment during the experiment. Curves b, ¢, and
d describe the effect of 18, 50, and 100 zM chloroquine on the
pH in the lysosomes. A concentration of 10 xuM does not cause a
noticeable pH increase, while a concentration of 100 M increases
the pH from 4.8 to 6 in about 2 min. The pH further increases to
6.5 in 10 min of chloroquine exposure.

SUMMARY AND CONCLUSIONS
Submicrometer pH sensing fluorescent particles were prepared
and applied for lysosomal pH measurements in Murine Macro-

{27) Lukas, G. L.; Rotstein, O. D.; Grinstein, S. J. Biol. Chern. 1991, 266, 24540
24548,

(28) Bassoe, C. F.; Laerum, Q. D_; Glett, J.; Hopen, G.. Haneberg, B.; Solberg,
C. O. Cytometry 1983, 4, 254—262.

{29) Homewood, C. A.; Warhurst, D. C.; Peters, W.; Baggaley, V. C. Nature
(London) 1972, 235(5332), 50—52.

(30) Ohkuma, S.; Poole, B. Proc. Natl. Acad. Sci. US.A. 1978, 7, 3327-3331.




phages. The development of particle-based intracellular sensors
represents a new trend in the application of fluorescence in cellular
biological studies, addressing the need for miniaturized, site-
specific, and noninvasive intracellular measurement techniques.
Like in previous studies, the fluorescent particles are used for
noninvasive cellular analysis. However, the use of a high-resolution
digital fluorescence imaging and spectroscopy system allows us
to monitor in real time a dynamic pH change in macrophages
when they are charged with increasing concentrations of chloro-
quine. Using this system, we have been able to quantitatively
measure the fluorescence of the same particles and the same living
cells during experiments that last 20 min. We have clearly shown
that the pH response of macrophages to external stimuli (chlo-
roquine charge) is concentration-dependent. Moreover, we have
been able to monitor this dynamic event in a number of cells
simultaneously. Additionally, our pH sensing particles show a
significant improvement in analytical properties over previous
studies because of several reasons. First, the dye molecules are
covalently immobilized to the surface of the particles. The covalent
immobilization of the dye molecules to the surface of the particles
shortens their response time because the analyte ions do not need
to diffuse into the bulk of the synthetic or bioparticles to interact
with the sensing fluorophors. The covalent immobilization of dyes
to the surface of the particles prevents dye leaking. Leaking of
fluorescent dyes is a common problem in sensors fabricated by
physically entrapping hydrophilic sensing reagents like pH indica-
tors in a polymer matrix. A disadvantage of the covalent approach
is the exposure of the fluorescence indicators to the lysosomal
environment. Unlike in the newly fabricated PEBBLEs, 513 the
fluorescence dyes are not encapsulated in the polymeric matrix
of the particles and are not protected from the cellular environ-
ment. However, our results show that the emission properties of
the particles remain constant for 20 min when the dually labeled
fluorescent particles are loaded into macrophages that are
suspended in chloroquine-free solution. Moreover, the particles
are not affected by levels of hovine serum albumin (BSA) in
solution of up to 50 M. Second, we use surface-modified

polystyrene particles as the polymer support for the sensing
reagents. Polystyrene particles show higher chemical stability than
bioparticles or hydrogels and are better suited to the lysosomal
conditions characterized by high acidity and high concentration
of digestive enzymes. Third, we use a unique pair of dye molecules
for the pH measurements. The particles are dually labeled with
Oregon Green 488 (pH sensitive dye) and Texas Red (pH
nonsensitive dye). Oregon Green 488 proves to be a better
lysosomal pH indicator than fluorescein, which was previously
used as a pH indicator in lysosomal pH measurements. This is
due to its lower pK, and higher photostability. Texas Red proves
to be a better reference dye than carboxytetramethyl rhodamine,
which was previously used as an internal standard in lysosomal
pH measurements. The improvement in the stability of the
reference peak is attributed to greater spectral separation between
the emission peaks of Texas Red and Oregon Green 488 and to
lower probability for fluorescence resonance energy transfer
between the dyes. It also leads to a marked improvement in the
sensitivity of lysosomal pH measurements with a pH sensitivity
of £0.1 pH unit.

Currently we are investigating ways to synthesize fluorescence-
sensing particles for lysosomal measurement of hydrogen perox-
ide. These particles will be used to study the effect of oxidative
agents and antioxidants on the level of reactive oxygen species
(ROS) and oxidative activity in the lysosomes.
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Molecular Oxygen-Sensitive Fluorescent Lipobeads
for Intracellular Oxygen Measurements in Murine
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Intracellular oxygen concentration is of primary impor-
tance in determining numerous physiological and
pathological processes in biological systems. This paper
describes the development and application of micrometer-
sized oxygen-sensitive fluorescence lipobeads for intra-
cellular measurements of molecular oxygen in J774
murine macrophages. A ruthenium diimine complex

[Ru(bpy-pyr) (bpy)21Clz (bpy = 2,2"-bipyridine, bpy-pyr ="

4-(1”-pyrenyl)-2,2"-bipyridine) is used as the oxygen
indicator. The indicator exhibits high chemical and
photostability and high sensitivity to oxygen. The indicator
molecules are immobilized in a phospholipid membrane
that coats polystyrene microparticles. The fluorescence
of the lipobeads is effectively quenched by molecular
oxygen. The fluorescence intensity of the oxygen-sensitive
lipobeads is 3 times higher in a nitrogenated solution than
in an oxygenated solution. The lipobeads are internalized
by murine macrophages through phagocytosis. They
maintain their spectral properties for 24 h in living cells
when the cells are stored in phosphate-buffered saline at
pH 7.4. The photostability, reversibility, "and effect of
hypoxia, hyperoxia, and oxidative stress on the intra-
cellular level of oxygen in J774 murine macrophages are
described.

Intracellular oxygen concentration is a key indicator of numer-
ous physiological and pathological processes in biological systems.
In cells, excess oxygen leads to overproduction of the extremely
reactive and unstable reactive oxygen species (ROS), which
oxidize lipids, carbohydrates, DNA, and proteins, altering their
structure and function.!?2 The determination of oxygen concentra-
tion is of particular importance in tumor cells since it may enable
the prediction of the response of the tumor to radiation and
chemotherapy.3-5 The development of a real-time measurement
technigue for the determination of intracellular oxygen concentra-
tions would be highly valuable for studies aiming to reveal how
oxygen imbalance affects normal and cancerous cells.

' University of New Orleans.
' Xavier University of Louisiana.
(1) Tortora, G.; Funke, B.; Case, C. L. Microbiclogy. 5th ed.. The Benjamin/
Cummings Publishing Co. Inc.: Reading, MA, 1895; pp 413-414.
(2) Martinez-Cayuela, M. Biochimie 1995, 77, 7-161.
(3) Lo, Y. Y.; Ceuz. T. F. J. Biol. Chern. 1995, 270 (20), 11727-11730.
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Despite the significance of intracellular oxygen in various
biochemical processes, there are surprisingly few analytical
methods to measure its levels.” The role of oxygen in cellular
processes is mostly assessed by indirect data derived from the
measurement of extracellular oxygen concentration. This approach
is ambiguous, as there is a difference between intracellular and
extracellular oxygen concentrations.3? Clark electrodes have been
widely used to measure extracellular oxygen levels in cell culture
media 5! However, when applied to intracellular studies, the
electrodes may cause structural damage to the cell membrane
due to penetration. The use of oxygen microelectrodes only
enables the measurement of molecular oxygen in one cell at a
time and is not suitable for applications that require fast cell
screening. Furthermore, the technique often gives misleading
information due to the abundance of interfering species in the
cytoplasm. The consumption of oxygen by the electrodes can aiter
the cellular oxygen level near the electrode and lead to false
readings as well.

Nuclear magnetic resonance (NMR) spectroscopy provides a
noninvasive method for intracellular oxygen concentration mea-
surements.5!" However, in NMR, the concentration of oxygen is
analyzed indirectly from measurements of oxygen-dependent
metabolic species. The technique is limited in temporal resolution
due to the relatively long relaxation time of biclogically relevant
nuclei and in spatial resolution due to the size of NMR probes.

" Electron spin resonance (ESR) spectroscopy has also been used
for intracellular and extracellular oxygen measurements.!?-15 This

(4) Mcliroy, B. W.; Curnow, A.; Buonaccorsi, G.; Scott, M. A.; Brown, S. G.;
MacRobent, A. J. Photochem. Photobiol. B: Biol. 1998, 43, 47-55.

(5) Glickson, §. J.. Wehrle, J. P.. Rajan, S. S., Li. S. ., Steen. R. G., Pettegrew,
J. W., Eds. NMR spectrocscopy of tumors. In NMR: Principles and
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technique is based on the interaction between molecular oxygen
and paramagnetic materials such as nitroxides. Oxygen broadens
the ESR spectral lines of paramagnetic probes via Heusenberg
spin exchange in a concentration-dependent manner. The use of
these paramagnetic probes combined with recent instrumental
developments extends the use of ESR to large water-containing
specimens and enables the measurement of oxygen in the same
type of samples used for NMR studies of cells. However, the

techinique is susceptible to electromagnetic interference and lacks .

real-time measurement capability. )

Fluorescence microscopic techniques have been used widely
for the measurement of pH and ion levels in single cells.'®} The
measurements are based on the interaction of fluorophors with
the ions of interest, which results in a concentration-dependent
change in their fluorescence intensity. Recently, we reported the
use of the fluorophore tris(1,10-phenanthroline) ruthenium chloride
(Ru(phen),) for the measurement of the effect of external hypoxia
on the molecular oxygen level in J774 murine macrophages. The
measurement was based on the fluorescence quenching of Ru-
(phen); by molecular oxygen. However, these measurements had
limited sensitivity due to instability of the flucrescence intensity
of Ru(phen); in the cellular environment. A continuous negative
signal drift observed in these experiments was attributed to the
interaction of Ru(phen); with cellular components such as
proteins, DNA, and ROS. Fiber-optic oxygen sensors have also
been fabricated for oxygen measurements in cells.!®!? In these
sensors, the fluorescence indicator is immobilized in a polymer
matrix that is attached covalently to the distal end of the fiber.
The polymer matrix protects the dye from the effect of intracellular
macromolecules and ROS. Unlike oxygen electrodes, fiber-optic
oxygen sensors do not consume oxygen during measurements.
However, invasion or penetration of the sensor into the observed
cell still occurs and structural damage to the cell membrane is a
concern. Similarly to electrodes. the application of fiber-optic
oxygen sensors for cellular analysis has been also limited by their
low throughput.

To overcome the low throughput of electrodes and fiber-optic
sensors, Kopelman et al. developed a new type of nanosensor
named PEBBLEs (probes encapsulated by biologically focalized
embedding). PEBBLESs (ranging from 20 to 200 nm in diameter)
were fabricated and applied for intracellular measurements of pH,
molecular oxygen, calcium ions, glucase, and nitric oxide in single
cells.?®-22 These new nanosensors show very high selectivity and
reversibility, fast response time, and reversible analyte detection.
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They are delivered into the observed cells by a variety of minimally
invasive techniques. including picoinjection, gene gun delivery,
liposomal incorporation, and natural ingestion. The new technique
offers several important advantages. First, as in cellular labeling
techniques, chemical information can be obtained from a large
number of cells simultaneously. Second, because of their small
size the particles can be used to detect analytes in cellular
organelles. Third, the technique is truly noninvasive, allowing
intracellular measurements while maintaining cellular viability.
Last, embedding the fluorescence sensing dyes in the PEBBLEs
avoids dye comjpartmentalization and enables the differentiation
of the nanosensor location from autofluorescence centers in the
observed cells. However, PEBBLE-based fluorescence sensors
have some structural problems that limit their quantitative power.
Hydrophobic particles do not disperse in aqueous samples and
tend to aggregate. As a result, hydrophilic PEBBLEs, where the
sensing indicator is embedded in hydrophilic polymers, e.g,
hydrogels, have been prepared and used to measure analyte levels
in aqueous samples and cells. This approach limits the sensing
technique to hydrophilic indicators. Furthermore, unless the
indicators are covalently bound to the polymer network, a high
leaking rate is expected. which decreases the stability and
sensitivity of the sensor.

Recently we réported the synthesis and application of micro-
metric phospholipid-coated polystyrene particles named lipobeads
as intracellular pH sensors.?# In lipobeads, the sensor is com-
posed of a polymer particle coated with a phospholipid membrane.
The fluorescencesensing molecules are immobilized in the
membrane. The interaction between the dye and cellular compo-
nents is minimized, as well as the toxicity of the dye. This paper
describes the preparation. characterization, and application of
oxygen-sensitive lipobeads for real-time intracellular oxygen
measurements in J774 murine macrophages. A highly hydropho-
bic ruthenium metal complex, Ru(bpy-pyr)(bpy)a. (bpy = 2,2-
bipyridine, bpy-pyr = 4-(1"-pyrenyl)-2,2"-bipyridine) is used as the
oxygen Indicator.? The indicator displays strong emission via
metal-toligand charge transfer (MLCT) with an excited-state
lifetime of 1.3 us. It exhibits a high molar absorption coefficient
of 2 x 10* M~' cm"! at 456 nm and an emission quantum yield of
0.1 at 632 nm, which presents a preferable large Stoke shift. The

_ oxygen-sensitive lipobeads show significant improvement in stabil-

ity and biocompatibility compared to previously used sensors in
intracellular studies. The analytical properties of the lipobeads and
their application for oxygen measurements in murine macro-
phages under conditions of hypoxia, hyperoxia, and oxidative
stress are discussed.

EXPERIMENTAL SECTION

Digital Fluorescence Microscopy. The experimental setup
used for fluorescence measurements of the oxygen-sensitive
lipobeads is shown in Figure 1. The system consists of an inverted
fluorescence microscope (Olympus IX-70) equipped with three
detection ports. A 100-W mercury lamp is used as the light source
for excitation. The fluorescence is collected by a 20x or 40x
microscope objective with a numerical aperture 0.5 or 0.9,
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Figure 1. Digital fluorescence imaging microscopy system. The
experimental setup consists of an inverted fluorescence microscope
with a 20 x or 40x objective (NA = 0.5 or 0.9) and a high-performance
charge-coupled device camera (16-bit resolution, 512 x 512 chip
size). A PC-compatible microcomputer equipped with digital imaging
analysis (Winview 3.2, Roper Scientific) is used for data analysis.

respectively. A filter cube containing a 480-nm narrow band
excitation filter. 500-nm dichroic mirror, and 515-nm long-pass
emission filter is used to ensure spectral purity. A high-
performance charge-coupled device (CCD) camera (Rupert
Scientific, model 256HB} with a 512 x 512 pixel array is used for
digital fluorescence imaging of the samples. The Rupert Scientific
software Winview 3.2 is used for image analysis.

Synthesis of Oxygen-Sensitive Lipobeads. Four milligrams
of polystyrene microspheres is dispersed in 100 uL of ethanol/
hexane (v/v 1:1) mixture by sonication using a 47-kHz, Bransonic
sonicator. A lipid.stock solution (50 mM) is prepared with a 5:4:1
molar ratio of dimyristoylphosphatidylcholine, cholesterol, and
dihexadecyl phosphate in chloroform. A 100-uL aliquot of of 0.1
mM [ (bpy);Ru(bpy-pyr)ICl; in CHCl, is added to the lipid solution.
The solution is briefly vortexed to ensure homogeneity. A 100-uL
aliquot of the microsphere suspension is then slowly added while
the mixture is sonicated in an ice bath. The solution is kept at
room temperature for 1 h to allow the indicator and the phos-
pholipid molecules to absorb onto the surface of the particles.
The sample is then dried overnight under nitrogen. The dried
beads are resuspended in 1 mL of phospahte-buffered saline (PBS)
solution at pH 7.4. The lipobeads solution is sonicated for 30 min
in an ice bath to break formed aggregates, remove loosely bound
indicator molecules, and ensure even phospholipid coating of the
particles. Excess phospholipids, indicator, and uncoated beads are
removed by centrifugation (1000g, 15 min). Lipobeads evenly
coated with indicator and phospholipids are collected at the bottom
of the glass centrifuge tube while the supernatant and floating
beads are decanted. The low-speed centrifugation is necessary to
minimize leakage of the indicator from lipobeads. The lipobeads
are resuspended and stored in 2 mL of PBS (pH 7.4} at 4 °C.
Under these storage conditions, the lipobeads maintain their
oxygen sensitivity for at least two weeks.

Photostability Measurements of Ru(bpy-pyr) (bpy).. Solu-
tions of Ru{bpy-pyr){bpy): and Ru(phen); were continuously
exposed to a 765-W xenon lamp in a Sunbox (Suntest CPS*, Atlas
Electric Devices Co.). The fluorescence intensity of the solutions

was acquired every § min using a spectrofluorometer (PTI,

Quantmaster).

Immobilization of Lipobeads on the Surface of a Cham-
bered Cover Glass for Calibration Measurements. To im-
mobilize the lipobeads, a chambered cover glass (borosilicate,
Nalge Nunc International) is rinsed with 70% ethanol/water,
followed by a thorough wash with deionized water. The cham-
bered cover glass is incubated overnight in a2 200-4L solution of
0.01% poly(L-lysine). It is then rinsed with deionized water and
PBS solution at pH 7.4. A 200L lijobead suspension is then
placed in the chambered cover glass for 1 h. The unimmebilized
lipobeads are then rinsed out with a PBS solution at pH 7.4.

Cell Culture. Cultures of J774 murine macrophages are
maintained according to a protocol described by Gordon et al %
The cells are cultured in Dulbecco’s modified Eagle's medium
supplemented with 4 mM L-glutamine, 1.5 g/L sodium bicarbon-
ate, 4.5 g/L glucose, 1.0 mM sodium pyruvate, and 10% fetal
bovine serum. The cells are grown at 37 °C under 5% CO,. The
medium is replaced three times a week. To prepare subcultures,
the cells are scraped in new medium and split into new plates.

Cell Culture on the Surface of a Chambered Cover Glass.
The macrophages are detached from the surface of a tissue culture
plate by scraping. The cells are mixed“with the growth medium
by a glass pipet. A 5-uL aliquot of the cell suspension (~1 x 10°
cells/mL) is then placed in a chambered cover glass. A total of
950 uL of fresh medium is added to the chamber. The cells are
incubated to attach and grow on the chambered cover glass at 37
°C under 5% CO,. Typically 80% confluency is achieved in 3 days.

Phagocytosis of Lipobeads by Macrophages. A solution of
150 4L of medium containing 0.5 mg/mL lipobeads is briefly
sonicated and added to a chambered cover glass covered with
cells at 80% confluence. The cells are incubated with the lipobead
suspension at room temperature for 1 h to allow the phagocytosis
of lipobeads to take place. The excess lipobeads are washed out
with PBS solution at pH 7.4.

Materials and Reagents. Trisbipyridine-4-(1"-pyrenyl)-2,2"-
bipyridineruthenium chloride (Ru (bpy-pyr) (bpy)2]Cls) was a gift
from Dr. Russell Schmehl of Tulane University. Ru(phen); was
purchased from Aldrich. 1,2.Dimyristoyl-snglycero-3-phospho-
choline (DMPC) was purchased from Avanti Polar Lipids. Glucose,

" glucose oxidase from Aspergillus niger with enzymatic activity of

10000 units/mL, 0.1% poly(L-lysine), menadione, Dulbecco's
modified Eagle’s medium, and bovine serum albumin were
purchased from Sigma. J774 murine macrophages were purchased
from American Type Culture Collection (ATCC). Lab-Tek II
chambered cover glass used for microscopy and pH buffers were
purchased from Fisher Scientific. Aqueous solutions were pre-
pared with a 18-MQ deionized water purification system (Barn-
stead Thermolyne Nanopure). PBS solutions at pH 7.4 were
prepared from PBS tablets (Amresco). All reagents were used as
received without further purification.

RESULTS AND DISCUSSION

Choice of Indicator. Ru(II){L);** complexes (L = 2,2"-
bipyridine, 1,10-phenanthroline, or substituted derivatives) have
been used frequently as indicators for oxygen level determination
in gas samples and aqueous solutions due to their strong visible

(25) Gordon, S. BioEssays 1995, 17 (11), 977-986.
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Figure 2. (a) Structure of Ru(bpy-pry)(bpy).. bpy = 2,2-bipyridine,
bpy-pyr = 4-{1"-pyrenyl)-2,2’-bipyridine). (b) Response of free {(bpy)-
2Ru(bpy-pry)] to different oxygen levels in PBS at pH 7.4. The
experiments are conducted in a spectrofluorometer.

absorption, high photochemical stability, high fluorescence quan-
tum yield. and relatively long excited-state lifetimes. However,
most of these complexes are hydrophilic. We have previously
prepared and used lipobeads containing tris(1.10-phenanthroline)-
ruthenium chloride for oxygen measurements in aqueous samples.
However. because of the high leaking rate of Ru(phen}; from the
lipobeads, the sensors show poor stability. In this study, a
ruthenium(ll) diimine—pyrene complex, Ru(bpy-pyr) (bpy): (struc-
ture shown in Figure 2a), is used for the first time as an oxygen
indicator for cellular oxygen measurements, In addition to the
strong visible absorption, high photochemical stability, efficient
fluorescence, and relatively long-lived MLCT excited state, this
indicator is hydrophobic and has low solubility in aqueous
solutions. It adsorbs strongly to the membrane of the lipobeads,
showing insignificant leakage rate during two weeks storage in
PBS solution at pH 7.4. Figure 2b shows the fluorescence spectra
of Ru(bpy-pyr) (bpy): in nitrogen, air, and oxygen-saturated solu-
tions. Due to dynamic quenching by molecular oxygen, the
fluorescence intensity of Ru{bpy-pyr) (bpy): in a nitrogen-saturated
solution is 13 times higher than the fluorescence of the dye in an
oxygen-saturated solution. The dependence of the fluorescence
intensity of the dye on the concentration of dissolved oxygen is
determined by the Stern—Volmer equation?® The indicator
responds more efficiently to a lower range of oxygen concentra-
tion.

Formation of Lipobeads. The phosphotipid-coated polysty-
rene beads, lipobeads, are formed through physical adsorption.
When a hydrophobic dye such as Ru(bpy-pyr) (bpy); is added to
the lipobead suspension, the dye molecules are trapped in the
hydrophobic regions of the phospholipid membrane coating of
the particles. The phospholipid membrane formed on the surface
of the polystyrene core is not only biocompatible but also provides
protection for the sensing fluorophore from the intercellular
environment. Interaction between the dye and proteins is mini-
mized, as well as intracellular sequestration and toxicity of the
dye. A digital fluorescence image of fluorescent lipobeads averag-
ing 2.1 #m in diameter is shown in Figure 3. It can be seen that
the lipobeads are evenly coated with the indicator and exhibit

(26) Stern, O.; Volmer, M. Z. Phys. 1919, 20, 183—189.
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Figure 3. Digital fluorescence image of 2.1-um oxygen-sensitive
lipobeads: Light source, 100-W mercury lamp; excitation filter, D480/
30X; dichroic mirror, 500 nm; emission filter, BA 515 nm; objective:,
20x with NA = 0.5; neutral density, 1.0; exposure time, 0.5 s. The
imaging conditions remain the same through the experiments unless
otherwise stated.

bright fluorescence with a signal-to-noise ratio of 20. Photostability
study of the new indicator is conducted by comparing its
photobleaching property with that of the highly photostable Ru-
(phen); complex. The two dyes are exposed to a 765-W senon
lamp in a Sunbox continuously for 1 h. Both dyes show a 50%
fluorescence decrease in 30 min of continuous exposure to light
(data not shown). The photobleaching rates are comparable. To
minimize the photobleaching rate of the dye and the effect of
cellular autofluorescence, excitation light at the nonoptimum
excitation wavelength of 480 nm is used for oxygen measurements
instead of the optimum excitation wavelength of 460 nm. Ad-
ditionally, a neutral density filter of 1.0 is used to reduce the
excitation intensity of the 100-W mercury light source. We also

. limit the exposure time to 0.5 s and the number of exposures

during kinetic measurements to 20 in order to protect the
fluorescent lipobeads from photobleaching. Under these condi-
tions, the lipobeads are photostable during experiments that last
upto 1 h.

Analytical Properties of the Oxygen-Sensitive Lipobeads
in Aqueous Solution. The fluorescence intensity of the lipobeads
is ~3 times higher in nitrogenated solutions than in oxygenated
ones. The analytical range of the lipobeads is governed by the
respective quenching curve and the Stern—Volmer constant. The
variation in the fluorescence intensity as a function of dissolved -
oxygen concentration is given by the Stern—Volmer equation: f/
I=1 + K,[0], where [ is the fluorescence intensity of Ru(bpy-
pyr)bpy: in a nitrogenated solution, £ is the {luorescence intensity
of Ru(bpy-pyr)bpy; in a solution of given dissolved oxygen
concentration, and K, is the Stern—Volmer quenching constant.
In principle, higher quenching constants result in higher accuracy
at low levels of oxygen. This is due to the larger signal change
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Figure 4. Reversibility of oxygen-sensitive Ru(bpy-pry)(bpy)z-

containing lipobeads. The lipobeads are repeatedly exposed to

oxygenated or nitrogenated solutions. The experiments are conducted
using a digital fluorescence microscopy system.

per oxygen concentration interval. However, high quenching
constants result in a more limited linear dynamic range. K, for
Ru(bpy-pyr) (bpy), containing lipobeads is 4730 + 5% M. The
linear dynamic range is between 0.1 and 12 ppm molecular oxygen
with a correlation coefficient of 0.991. We found a standard
deviation of ~4% between 10 consecutive fluorescence measure-
ments in air-saturated solutions. The standard deviation increases
at high oxygen levels where the signal is low up to 10%. To test
the reversibility of the lipobeads, lipobeads are immobilized on
the surface of a chambered cover glass coated with poly(L-lysine).
The lipobeads are then exposed to oxygen-, air-, and nitrogen-
saturated solutions repeatedly. Figure 4 describes the fluorescence
intensity, normalized to the fluorescence intensity in air-saturated
solution, of the immobilized lipobeads. The fluorescence of the
lipobeads decreases by ~40% when the cells are incubated in an
oxygen-saturated PBS solution, indicating an increase of the
oxygen level over 12 ppm, the upper linear limit of the lipobead-
based sensor. The fluorescence of the lipobeads increases instantly
by 2.5fold when the oxygenated buffer is replaced with a
nitrogenated PBS solution. Replacing the nitrogenated solution
with an air-saturated solution restores the fluorescence signal to
its original level. It can be seen that the oxygen-sensing lipobeads
are reversible and their response and recovery times are in the
seconds time scale.

Intracellular Oxygen Measurements Using Oxygen-Sens-
ing Lipobeads. The lipobeads are applied to monitor intracellular
oxygen level changes in J774 murine.macrophages. Lipobeads
are internalized by the macrophages and directed to intracellular
lysosomes through phagocytosis. A bright-field image and a digital
fluorescence image taken through a 40x microscope objective of
the lipobeads internalized by macrophages are shown in Figure
5. The lipobeads maintain their structural integrity, spectral
properties, and oxygen sensitivity for over 24 h following phago-
cytosis. When the cells are exposed to extreme conditions of

hyperoxia or hypoxia, they appear to resist the rapid gas diffusion
before they are overwhelmed. However, such treatment leads to
irreversible changes in the physical shape of the cells and
eventually to cell death as confirmed by a standard Trypan Blue
staining method.

To test the sensitivity of the lipobeads under less destructive
conditions, we applied the oxygen-sensitive lipobeads to monitor
the cellular response of individual macrophages to hypoxia caused
by enzymatic oxidation of glucose in the medium. When a
glucose/glucose oxidase solution is added into the cell medium,
glucose oxidase catalyzes the oxidation of glucose. This enzymatic
oxidation reaction consumes molecular oxygen. The rate of the
oxidation and the steady-state level of oxygen in the medium
depend on the glucose concentration and glucose oxidase activity.
Figure 6 describes the response of cells to hypoxia caused by
different concentrations of glucose/glucose oxidase. The response
is observed by monitoring the signal change of Ru(byp-pyr} (bpy)+-
containing lipobeads in the macrophages. Curve c is the control
experiment, conducted in a glucose- and glucose oxidase-free
solution. It shows that the signal of lipobeads remains constant
in the absence of glucose and glucose oxidase throughout the
experiment. Curves a and b describe the cellular response of
macrophages to 1.5 mM glucose with 5 units/mL glucose oxidase
and 2.5 units/mL, respectively, in the solution. A 40 (a) and 30%
(b) fluorescence increase is obtained in 4 min, indicating a
decrease in the oxygen level in the intracellular lysosomes to 4
and 4.8 ppm, respectively. Itis interesting to note that the variation
between the fluorescence of the lipobeads in different cells
increases with decreasing oxygen level. This results in an unusual
situation where the error in the experiments increases with an

.increase in the fluorescence signal and signal-to-noise ratio. The

number of dead cells increases with decreasing oxygen concentra-
tion. The large variation in the fluorescence of the lipobeads in
cells under conditions of extreme hypoxia may be attributed to a
difference in their fluorescence intensity in viable and dead cells.
When the glucose/glucose oxidase solution is replaced with a
PBS solution at pH 7.4 10 min after the start of the enzymatic
reaction, the fluorescence intensity of the lipobeads drops back
to its original value in ~5 min, indicating that a normal intracellular
oxygen level has been restored. Trypan Blue staining shows that

.~B5% of the cells survive this treatment. However, when the

glucose/glucose oxidase solution is replaced with a PBS solution
at pH 7.4 20 min after the start of the enzymatic reaction, only
50% of the cells survive these conditions of hypoxia.

The oxygen-sensitive lipobeads are also applied to assess the
effect of the oxidative agent menadione on the intracellular oxygen
level in macrophages. Menadione is known to generate a large
quantity of ROS when it enters cells.?’ It is believed that the
semiquinone radicals that are generated through the one-electron
reduction of quinines can rapidly reduce dioxygen to form
superoxide anion radicals and, subsequently, hydrogen peroxide.
hydroxy! radical, and other ROS.?"-8 Because of its prooxidant
quality, menadione is often used to induce oxidative stress and
study its effect on cells. Figure 7 describes the fluorescence
intensity of lipobeads internalized in macrophages when the cells
are exposed to the oxidizing agent menadione. Curve a is a control

(27) Thor, H.; Smith, M. T.; Hartzell, P.; Bellomo, G.; Jewell, S. A.; Orrenius. S.
] Blol Chem, 1982, 257, 12419—12425.
(28) DeGroot, H.; Littauer, A. Free Radical Biol. Med. 1989, 6, 541—-551.
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Figure 5. Phagocytosis of 2.1-um {(bpy).Ru(bpy-pyr)] lipobeads. (a) A transmission image; (b) a digital fluorescence image of lipobeads

intemalized by macrophages. Objective: 40x with NA = 0.9.
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Figure 6. Intracellular oxygen level changes monitored by Ru(bpy-
pry}{(bpy)s-containing lipobeads in macrophages. Curves a and b
describe the response of the Ru(bpy-pry)(bpy)z lipobeads to a solution
containing 1.5 mM glucose and (a) 2.5 and (b) 5 units/mL glucose

oxidase. Curve ¢ is a control experiment in a glucose/glucose oxidase-
free solution. Error bar, 4%.

experiment showing that the fluorescence intensity of the lipo-
beads remain constant in a menadione-free solution. Curves b and
c describe the fluorescence intensity of the internalized lipobeads
when the cells are expased to 1 (b} and 0.5 mM (c) menadione
solutions. When the cells are exposed to 1 mM menadione, the
fluorescence intensity of the lipobeads increases by 50% in ~2 h,
indicating a decrease of the intracellular oxygen level to ~3.2 ppm.
Treatment of the cells with 500 M menadione results in a lower
and slower change in the fluorescence intensity of the lipobeads.
The decrease in oxygen level in the cells resuits from reduction
of molecular oxygen by semiquinone radicals to form ROS. This
leads to an increase in the fluorescence intensity of the lipobeads.

To evaluate the necessity of protecting the dye by immabiliza-
tion in the phospholipid coating of the particles, we also measured
the effect of menadione on cells loaded with free Ru(bpy-pyr)-

FLUORESCENCE INTENSITY (arb. units)
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Figure 7. Response of (bpy).Ru(bpy-pry) lipobeads in macrophages
to oxygen level changes induced by menadione. Curve a is the control
experiment. The cells are incubated in PBS at pH 7.4 in the absence
of menadione. Cutves b and ¢ describe the response of the lipobeads
to solutions containing (b) 500 xM and (c) 1 mM menadione.

(bpy)2. We aobserved a 2-fold decrease in the fluorescence of the
oxygen-sensitive dye when the cells were exposed to 1 mM
menadione. Removal of menadione restored the signal of the dye
to ~80% of its original value (data not shown). This experiment
supports our prediction that, without protection, the sensing dye
is prone to be affected by a variety of interfering species. In this
case, the targeted agent itself, menadione, quenches the fluores-
cence intensity of the dye and leads to its partial degradation.

SUMMARY AND CONCLUSIONS

Oxygen-sensitive fluorescence lipobeads were prepared and
used for the first time for intracellular oxygen measurements. A
new oxygen indicator, Ru{bpy-pyr) (bpy)z, was chosen as the
oxygen indicator because of its high hydrophobicity, high oxygen
sensitivity, large Stoke shift. and high photo- and chemical stability.
The fluorescence intensity of single oxygen-sensing lipobeads in




nitrogenated solutions was 3 times higher than their fluorescence
in oxygenated solutions. The oxygen-sensitive lipobeads enabled
us to monitor noninvasively and in real time the level of molecular
oxygen in cells. We were also able to monitor the kinetic response
of murine macrophages to hypoxia induced by the enzymatic
oxidation of glucose by glucose oxidase and to oxidative stress
applied by the oxidative agent menadione. Moreover, we were
able to monitor these processes in a large number of cells
simultaneously. Qur studies show that the protection of the
oxygen-sensitive fluorescence indicator is necessary to prevent
its destruction or false readings because of interaction of the
indicator with cellular macromolecules or ROS. Fluorescent-
sensing lipobeads offer significant improvement in analytical
properties compared to previously used particle-based intracellular
sensors. The charge properties of the particles are easily con-
trolled to prevent aggregation. The unique hydrophobic core—
hydrophilic shell structure enables the use of hydrophobic
indicators in aqueous samples. The dye molecules are protected
from the cellular environment by a membrane rather than being

bound or adsorbed to the surface or the bulk of the particles.
This shortens the response and recovery time of the particles.
Currently, we are developing fluorescence-sensing lipobeads for
glucose and for zinc and calcium ions. Fabrication of lipobeads
through covalent attachment between the phospholipid mem-
brane, the indicator, and the core surface of the particles is also
being developed in our laboratory.
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Fluorescence Sensing Lipobeads for Intracellular

pH Measurements
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This paper describes the synthesis and characterization
of micrometric phospholipid-coated polystyrene particles,
named lipobeads, with pH-sensing capability and their
application for intracellular pH measurements in murine
macrophages. The phospholipids used to coat the par-
ticles are labeled with fluorescein (a pH-sensitive dye) and
tetramethylrhedamine (a pH-insensitive dye), which serves -
as a referencing fluorophore for increased accuracy of the
pH measurements. The synthesis of the pH-sensing lipo-
beads is realized by the covalent attachment of the
fluorescent phospholipids to the surface of carboxylated
polystyrene particles. The pH dynamic range of the
sensing particles is between 5.5 and 7.0 with a sensitivity
of 0.1 pH unit. The excitation light intensity is reduced
to minimize photobleaching of the fluorescein—phospho-
lipid conjugates. The fluorescent lipobeads are used to
measure the pH in single macrophages. The lipobeads are
ingested by the macrophages and directed to lysosomes,
which are the cellular organelles involved in the phago-
cytosis process. Despite the high lysosomal levels of
digestive enzymes and acidity, the absorbed particles
remain stable for over 6 h in the cells when they are stored
in a phosphate-buffered saline solution at pH 7.4.

The development of optochemical sensors for use in biological
samples has made remarkable advances in recent years. Cellular
labeling, using fluorescent dyes sensitive to a given analyte of
interest, has been able to give strong fluorescent signals that can
be calibrated to determine specific levels of analytes.}-3 However,
cellular labeling is invasive and may chemically or physically
damage the observed cells due to the high levels (uM to mM) of
fluorophors required to obtain measurable signals. Additionally,
cellular measurements using cellular labeling techniques provide
average information about the observed cells. Miniaturized probes
must be developed in order to decrease the invasiveness of
fluorescence microscopic techniques and enable the interrogation
of specific organelles in the cellular environment.

' University of New Orleans.
¥ Xavier University of Louisiana.
(1) McNamara, K. P.: Yeung, E. S.; Rosenzweig, N.; Rosenzweig, Z. Anal. Chim.
Acta 1997, 356, 715—-81.
(2) Hedley, D. W.; Chow, S. Cytometry 1994, 15, 349-358.
(3) Kosower, E. M.; Kosower, N. S. Methods Enzymol. 1995, 251, 133~148.

R240 _ Analvtical Chemistry, Vol. 73, No. 14, July 15, 2001

Phospholipid vesicles (liposomes) that form upon injection of
phospholipids into water can encapsulate water-soluble materials -8
Previously, we showed that encapsulated water-soluble fluorescence-
sensing dyes display sensing properties similar to those observed
in free solution.” Additionally, the liposome bilayer membrane can
protect the dye from potentially quenching species likely to
attenuate a fluorescent signal of the same dyes in free solution
by up to 90%.® We prepared dye-encapsulating liposomes sensitive
to pH,? Ca?* ! and O, and applied them successfully in volume-
limited aqueous samples with resolution limited only by the
imaging capabilities of the microscope used and the diffraction
limit. Liposomes have also been shown capable of delivering
encapsulated therapeutic and genetic material to specific biological
areas, both in vitro'' and in vivo " using ligand—receptor
strategies for targeting specific cells or tissues. Normally in such
approaches, the bilayer liposome membrane undergoes fusion and
phospholipid exchange with the bilayer membrane of a cell,
thereby delivering the liposome contents by passive uptake and
avoiding acute damage to the cell.> However, the same process
that enables drug or gene delivery into cells becomes an obstacle
when liposome-based sensors are applied for intracellular or
extracellular measurements, When incubated with cells, liposomes
fuse with the cell membrane and deliver the encapsulated
fluorescent dyes into the cytoplasm in a diffuse, nonspecific

- manner.'® The result is an averaged analytical signal (with an

associated decrease in resolution) for each cell, similar to that
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seen in cellulardabeling techniques. Clearly, for effective, site-
specific cellular analysis, there is a need for a sensing geometry
that can maintain mechanical stability as it passes through the
cell membrane and cytoplasm and also preclude damage to the
cell upon uptake or placement.

Kopelman et al. recently prepared a new type of nanosensors
named PEBBLEs (probes encapsulated by biologically focalized
embedding). PEBBLEs ranging from 20 to 200 nm in diameter
for pH, molecular oxygen, calcium ions, glucose, and nitric oxide
were fabricated and applied for intracellular measurements in
=ingle cells.'5"'8 These new nanosensors show very high selectivity
and reversibility, fast response time, and reversible analyte
detection. They were delivered into the observed cells by a variety
of minimally invasive techniques, including picoinjection, gene gun
delivery, liposomal incorporation, and natural ingestion. The new
technique offers several important advantages. First, as in cellular-
labeling techniques, chemical information can be obtained on a
large number of cells simultaneously. Second, because of their
small size, the particles can be used to detect analytes in cellular
organelles. Third, the technique is truly noninvasive, allowing
intracellular measurements while maintaining cellular viability.
Last, the confinement of the sensor reporter dyes to the PEBBLE
avoids dye compartmentalization and enables the differentiation
of the nanosensor location from autofluorescence centers in the
observed cells. PEBBLE-based fluorescence sensors have some
structural problems that limit their quantitative power. Hydro-
phobic particles do not disperse in aqueous samples and tend to
aggregate. As 3 result, hydrophilic PEBBLEs, where the sensing
indicator is embedded in hydrophilic polymers, e.g., hydrogels,
have been prepared and used to measure analyte levels in aqueous
samples. This approach limits the sensing techniques to hydro-
philic indicators. Furthermore, unless the indicators are covalently
bound to the polymer network, a high leaking rate is expected,
which decreases the stability and sensitivity of the sensor.

The objective of this study is to prepare new sensing particles
where hydrophilic or hydrophobic indicators are strongly im-
mobilized to the particles. This will improve the chemical stability
of particle-based fluorescence nanosensors and enable the use of
hydrophobic indicators for sensing applications in aqueous
samples. The study focuses on the preparation of core—shell
structured particles in which a hydrophabic core is coated with a
hydrophilic shell. Several research groups have previously de-
scribed the synthesis of large polymer particles ranging in
diameter from 20 to 100 um that are coated with a monolayer or
bilayer of phospholipids and their application as drug delivery
vehicles.!%-2 In this work, we describe the synthesis and char-
acterization of miniaturized phospholipid coated polystyrene
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71, 4831-4836.
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Figure 1. A digital fluorescence-imaging system for the measure-
ment of micrometric fiuorescent lipobeads. The instrument consists
of an inverted fluorescence microscope eguipped with continuous
mercury light source. A slow-scan high-performance ICCD camera
is used for imaging while a second high-performance CCD camera
is coupled to a scanning spectrograph and used for fluorescence
spectroscopy measurements. A microcomputer is used for data
acquisition and analysis.

particles with pH-sensing capability. These particles, termed
“lipobeads™ because they combine the mechanical stability of
polymer beads and the unique spectroscopic properties and
biocompatibility of liposomes, are applied for pH measurements
in murine macrophages.

EXPERIMENTAL SECTION

Digital Fluorescence-Imaging Microscopy and Spectros-
copy System. A schematic diagram of the experimental setup
used to characterize the spectral properties of fluorescent lipo-
beads is shown in Figure 1. It consists of an inverted fluorescence
microscope (Olympus IX70) equipped with a 100-W mercury lamp
as a light source. The. fluorescence image of the lipobeads may
be collected using a 20x microscope objective with NA = 0.5, a
40x microscope objective with NA = 0.9, or an oil immersion
100x microscope objective with NA = 0.95. Two filter cubes are
used to ensure spectral imaging purity. The filter cube for
fluorescein imaging contains a 480-nm narrow band-pass excitation

. filter, a 500-nm dichroic mirror, and a 525 % 15 nm narrow band-

pass emission filter. The filter cube for rhodamine imaging
contains the same excitation filter and dichroic mirror and a 580
+ 20 nm emission filter. A high-performance ICCD camera
(Princeton Instruments, model BHZRFLT3) is employed for digital
imaging of the lipobeads. A second high-performance CCD camera
(Rupert Scientific, model 256HB) is used for spectral fluorescence
imaging of the particles. The camera is coupled to a 150-mm three-
mirror spectrograph (Acton Research Inc.) equipped with a 600
grooves/mm grating, blazed at an optimum wavelength of 500
nm. An exposure time of 0.1 s is used to acquire the fluorescence
spectra of the particles. A PC microcomputer (Gateway 2000, with
a 200-MHz Pentium microprocessor) is employed for data acquisi-
tion. The Rupert Scientific software WinSpec/32 is used for image
analysis. The software Adobe PhotoShop v3.0 is used for the
enhancement of presented images.

Synthesis of Fluorescent Lipobeads. Fluorescent lipabeads
are synthesized based on a modified procedure originally de-
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Figure 2. (a) Scanning electron micrograph of lipobeads averaging
1.6 umin diameter. (b) A 40x digital fluorescence image of a washed
sample of fluorescent lipobeads. The fluorescent lipobeads are
spherical, uniform in size, and evenly coated. No aggregation is
observed.

scribed by Kim et al."® The 1.6.um polystyrene beads (40 mg/
mL) are suspended in a 1:1 (v/v) ethanol/hexane solution. A 50
mM phospholipid (4:0.01:0.1:4:1 molar ratio) is prepared with
dimyristoylphosphatidylcholine, fluorescein-DHPE, tetramethyl-
rhodamine-DHPE, cholesterol, and dihexadecyl phosphate in
chloroform. The excess of rhodamine DHPE over fluorescein-
DHPE is due to the use of a 480-nm light for the excitation of the
lipobeads. At this wavelength, the emission quantum yield of
fluorescein is ~ 10 times larger than the emission quantum yield
of tetramethylrhodamine. To prepare pH sensing lipobeads, 500
uL of the 50 mM phospholipid mixture is added to 200 uL of the
particle suspension and sonicated for 10 min. The suspension is
incubated at room temperature for 2 h and dried overnight under
nitrogen stream at room temperature. The dried particles are then
resuspended in 2 mL of phosphate buffer at pH 7 and sonicated
for 15 min to ensure an even coating of phospholipids on the
particles and to prevent the formation of multiple phospholipid
layers. During the coating step, there is a simultaneous formation
of liposomes in addition to the coated particles. The formed
liposomes and uncoated particles are washed 3 times in a buffer
solution using fow-speed centrifugation of 1000 rpm for 15 min
until the background is clean. A scanning electron microscopy
(SEM) micrograph of the fluorescent lipobeads is shown in Figure
2a. The particles are spherical and average 1.6 um in diameter
with a narrow size distribution of +1%. A digital fluorescence
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image of a washed sample of fluorescent lipobeads is shown in
Figure 2b. It can be seen that the particles are evenly coated with
the fluorophors. However, a 35% variation in the fluorescence
intensity of the lipobeads is observed, suggesting that multila-
mellar films form on some of the polystyrene particles. The signal-
to-noise ratio of the fluorescence measured from these particles
is ~200. The fluorescent lipobeads are stored in a glass test tube
covered with aluminum foil under nitrogen at room temperature
until use.

Cell Culture of Murine Macrophages. Cultures of J774
murine macrophages are maintained according to a standard
protocol. The cells are cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 4 mM t-glutamine, 20 mM .
sadium bicarbonate, 25 mM glucose, 1 mM sodium pyruvate, and
10% fetal bovine serum. The cells are grown at 37 °C in 5% CO,.
The medium is replaced 3 times a week. To prepare subcultures
the cells are scraped in new medium and split into new plates.
Before use, cells were scraped from the Petri dish and character-
ized for viability using Trypan Blue. Cells were then stored at 37
°C in 15 mL disposable tubes in a fresh DMEM solution until
use. Cells were ~100 #m in diameter, although no precise sizing
measurements were made.

pH Measurements in Macrophages Loaded with Fluores-
cence-Sensing Lipobeads. A sample of macrophages is detached
from a culture plate surface by scraping. The medium containing
cells is centrifuged at 500g for 10 min to precipitate the cells. Cells
are collected and diluted into (1-3) x 10° cells/mL solutions using
fresh medium. The concentration of the cells is determined by
standard hemacytometry using Trypan biue to determine ceil
viability.® For phagocytosis experiments, 1 mL of cells ((1-3) x
106 cells/mL) are incubated in the dark at 37 °C for 15 min with
200 4L of a 0.5% suspension of fluorescence-sensing lipobeads.
The cells are then washed 3 times with a PBS buffer (pH 7.4) to
remove particles in excess. A 10-uL sample of cells containing
sensing particles is placed between two cover slips on the
microscope stage and analyzed by the digital fluorescence-imaging
microscopy system. '

Materials and Reagents. Amino-modified polystyrene par-
ticles (mean diameter, 1.6 um, + 0.5%) were purchased from
Seradyn Instruments, Inc. (Indianapolis, IN) in dry form. N-(Fluo-
rescein-5-thiocarbomyl)-1,2-dihexadecanoyl-snglycero-3-phospho-

* ethanolamine (fluorescein-DHPE) and N-6-tetramethylrhodamine-

thiocarbamayl-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanol-
amine (TRITC-DHPE) were obtained from Molecular Probes, Inc.
(Eugene, OR). 1.2-Dimyristoyl-sn-gtycero-3-phosphocholine (DMPC)
was purchased from Avanti Polar Lipids. Sodium hydroxide and
hexane were purchased from EM Sciences and used without
further purification. Spectroscopic grade ethanol was purchased
from Aldrich Chemical Co. (Milwaukee, WT). All aqueous prepara-
tions were made using Nanopure distilled water. Murine mac-
rophages were purchased from the American Type Culture
Collection (Manassas, VA) and cultured for growth in sterile Petri
dishes using DMEM and glucose (Sigma). L-Glutamine was
provided by Gibco.

(24) Verkman, A. S.; Takla, R.; Sefton, B.; Basbaum, C.. Widdicombe, J. H.
Biochemistry 1989, 28, 4240—4244.
(25) Sigma Catalog; Sigma Chemical Co.. St. Louis, MO, 2000; pp 1848-1849.




RESULTS AND DISCUSSION

Choice of Fluorescence Indicators. Fluorescein and tet-
ramethylrhodamine are used frequently in cellular applications
because of their high absorbance and emission quantum yield in
the visible range of the electromagnetic spectrum. In our study,
fluorescein is used as a pH indicator while tetramethylrhodamine
serves as a reference dye to correct the observed fluorescein
intensities for the heterogeneity in the excitation field, whichis a
common problem in fluorescence microscopes. It is also used to
correct the data for fluctuations in the signal collection efficiency.
The dyes are excited at 480 nm and show significant red shifts
with maximum emission wavelengths of 525 and 575 nm. In
lipobeads. the dyes are covalently attached to the polar headgroup
or to the atkyl backbone of the phospholipid membrane coating
the polystyrene beads. The peak maximums of the fluorescent
lipobeads are similar to that of the dyes in solution. Additionally,
the pH sensitivity of fluorescein and the pH insensitivity of
tetramethylrhodamine are preserved when the dyes are bound
to the phospholipid membrane.

Photostability of the pH-Sensing Lipobeads. To test the
photostability of the fluorescent lipobeads, samples are placed on
the microscope stage and illuminated continuously at 480 nm. The
fluorescence intensity of fluorescein decreases by ~30% during
10 min of illumination while the fluorescence intensity of tetram-
ethylrhodamine does not change under these illumination condi-
tions. Because of the large difference in the photobleaching rate,
tetramethylrhodamine cannot be used to correct the data for a
decrease in the fluorescence of fluorescein due to photobleaching.
To overcome the inherent instability of fluorescein, we limit the
exposure time and the number of exposures of the fluorescent
lipobeads to the excitation light during our kinetic measurements.
The lipobeads are exposed to the excitation light for 0.1 s in each
measurement. The number of exposures of the lipobeads is limited
to 100. Under thése illumination conditions, the fluorescein- and
tetramethylrhodamine-containing lipobeads remain photostable
throughout the experiment. .

pH-Sensitivity Measurements. The pH-sensing lipobeads are
calibrated against standard solutions of pH 5.0—8.0. The lipobeads
are immobilized to a glass cover slip coated with a layer of poly-
(tlysine). The lipobeads adsorb strongly to the coated glass
surface, allowing replacement of measured solutions. To calibrate
single lipobeads, a diluted solution of pH-sensing lipobeads is
visualized through the microscope. A single lipobead located at
the center of the field of view is imaged through a slit allowing
only the fluorescence of the selected lipobead to be dispersed by
the attached spectrograph. A CCD camera collects the fluores-
cence spectrum of the lipobead. The pH is determined based on
the ratio between the emission peaks of fluorescein at 525 nm
and tetramethylrhodamine at 575 nm. Figure 3a describes the
fluorescence spectra of fluorescein- and tetramethylrhodamine-
containing lipobeads in solutions of pH between 5.0 and 8.0. The
pH dependence of the ratio between the fluorescence signals of
fluorescein and tetramethylrhodamine obtained from 50 pH-
sensing lipobeads is shown in Figure 3b. As previously mentioned,
there is a variation of 35% in the fluorescence intensity of the
lipobeads. In contrast, the variation in the ratio between the
fluorescence intensities of fluorescein and tetramethylrhodamine
in the different beads is only 10%. This observation suggests that
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Figure 3. (a) Fluorescence spectra of individual Hluorescein- and
teramethylrhodamine-containing lipobeads in solutions of increasing

‘pH: (a) pH 5, (b) pH 6, {c) pH 7, and (d) pH 8. (b) A pH calibration

curve of the fluorescent lipobeads. The ratio between the fluorescence
intensities of fluorescein (If) at 525 nm and tetramethylrhodamine (Ir)
at 575 nm is plotted against the pH of standard buffer solutions.

the possible formation of multilamellar films around the beads
does not significantly alter their pH sensitivity. The dynamic range
of the particles is found to be between pH 5.5 and 7.5 with a pH
sensitivity of 0.1 pH unit. The response time of the pH-sensing
lipobeads is less than 1 s.

Effect of Quenchers on the Sensing Capability of Lipo-
beads. The interaction between macromolecules, e.g., proteins,
and fluorescence or electrochemical sensors is a major concern,
especially when the sensors are used to measure analyte levels
in biological samples. Protection of the indicator from quenching
species is particularly imperative in miniaturized particle-based
sensors due to the limited number of fluorescence-sensing
molecules, which ranges from 1000 to 10 000 molecules. The
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Figure 4. Fluorescence spectra of solutions containing the follow-
ing: (a) 50 nM fluorescein; (b) lipobeads in which fluorescein is bound
to the alkyl backbone of the phospholipid membrane; (c) lipobeads
in which fluorescein is bound to the alkyt backbone of the phospholipid
membrane and 1 xg/mL antiffuorescein; (d) 50 nM fluorescein and 1
. ug/mL antifluorescein. It can be seen that the membrane provides
significant protection to fiuorescein from quenching species such as
anti-fluorescein,

FLUORESCENCE (arb. units)

newly prepared lipobeads are coated with a phospholipid mem-
brane that could protect the sensing molecules from quenching
species. Figure 4 describes the fluorescence spectra of solutions
containing the following: (a) 50 nM fluorescein, (b) lipobeads in
which fluorescein is bound to the alkyl backbone of the phos-
pholipid membrane, (c) lipobeads in which fluorescein is bound
to the alky! backbone of the phospholipid membrane and 1 ug/
mL antifluorescein, and (d) 50 nM fluorescein and 1 ug/mL
antifluorescein. The concentration of the fluorescein-containing
lipobeads (curve b) is adjusted to a level that leads to a
fluorescence intensity similar to the fluorescence intensity of the
50 nM flurescein solution (curve a). Since no autoquenching of
the lipobeads’ bound fluorescein is observed, we assume that there
is a similar number of fluorophors in the Ruorescein solution
(curve a) and the fluorescein-containing lipobead solution (curve
b). The effect of adding 1 xg/mL antifluorescein to solutions a
and b is profoundly different. This level of antifluorescein
quenches the fluorescence intensity of the free fluorescein solution
by over 90%. The same level of antifluorescein quenches the
fluorescence of the fluorescein-containing lipobeads solution by
only 30%. Furthermore, increasing the concentration of antifluo-
rescein to 5 ug/mL does not increase the quenching efficiency
of the lipobeads. On the basis of these observations, it can be
concluded that the phospholipid membrane provides significant
protection to fluorescein from anti-fludrescein. The decrease in
the fluorescence-quenching efficiency is attributed to the inability
of the large anti-fluorescein molecules to penetrate the phospho-
lipid membrane in order to form the antibody—antigen complex
with fluorescein. Furthermore, the protection efficiency in lipo-
beads in which the fluorescein molecules are immobilized to the
alkyl backbone of the phospholipid membrane is slightly higher
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Figure 5. Temporal dependence of the ratio between the fluores-
cence intensities of fluorescein (}f) and tetramethyirhodamine (Ir) in
individual lipobeads monitoring the pH decrease during the enzymatic
oxidation of glucose catalyzed by glucose oxidase. Curve a describes
a control experiment where the fipobeads are suspended in a 10 mM
oxygenated giucose solution in the absence of glucose oxidase.
Curves b and c describe the fluorescence intensity of individual
lipobeads in (b) air-saturated and (c) oxygen-saturated 10 mM glucose
solutions containing 0.1 aunit/mL glucose oxidase. The fluorescence

decrease is due to the accumulation of gluconic acid near the
lipobead.

than the protection efficiency in lipobeads in which the fluorescein
molecules are bound to the phospholipid headgroups. Because
of the significant protection efficiency, lipobeads in which the
fluorescein molecules are bound to the alkyl backbone of the
phospholipid membrane have been used to measure the pH in
single cells and biological samples.

Measurement of a pH Change in a Volume-Limited
Sample Using Single Lipobeads. The experiment-described in
this section demonstrates the capability of single lipobeads to
monitor a pH change due to a chemical reaction in volume-limited
samples containing only few microliters. A sample of lipobeads

‘labeled with fluorescein and tetramethylrhodamine is added to a

100 uL of 10 mM glucose solution at pH 7.4. A 5-uL aliquot of
glucose oxidase of 2.5 active units is then added to this solution
and mixed by vortexing the sample. A 5-ul. sample is then placed
between two cover slips and continuously observed using the
digital fluorescence-imaging system. The oxidation of glucose is
catalyzed by glucose oxidase to form gluconic acid and hydrogen
peroxide. The formation of gluconic acid leads to a decrease in
the pH of the solution, which decreases the fluorescence of the
observed lipobeads. Figure 5 describes the average temporal
dependence of the ratio between the flyorescence intensities of
fluorescein and tetramethylrhodamine in 10 individually analyzed
lipobeads during the enzymatic reaction. Curve a describes a
control experiment monitoring the fluorescence intensity of the
lipobeads in an oxygenated aqueous solution at pH 7.4. It can be
seen that the lipobeads are photostable under these conditions
despite the high level of oxygen. Curve b describes the fluores-




Figure 6. Brighf-field image (a) and digital fluorescence image (b)
of murine macrophages loaded with 1.6-um fluorescent lipobeads
taken through a 40x microscope objective. The lipobeads maintain
their structural integrity and flucrescence properties for up to 6 h
following-ingestion. -

cence intensity of the lipobeads during the enzymatic oxidation
of glucose (10 mM) by glucose oxidase (0.1 aunit/mL) in an air-
saturated solution. Curve c describes the fluorescence intensity
of the lipobeads following the same reaction in an oxygen-
saturated solution. As expected, the rate of the reaction increases
with increasing the initial oxygen concentration. The shape of the
pH response is consistent with the pH dependence of glucose
oxidase activity that peaks at pH 6~8.% The response of the pH-
sensitive lipobeads decreases at pH below 4, which is the lower
limit for fluorescein linear pH range. It is also consistent with the
reported decrease of glucose oxidase activity at a pH below 4.28
The enzymatic oxidation of glucose by glucose oxidase results in
the formation of hydrogen peroxide.at millimolar levels. Our
studies indicate that, in the absence of horseradish peroxidase,
exposure of the lipobeads to millimolar levels of hydrogen
peroxide for several hours does not affect their structural integrity
and pH response.

(26) Burrin, J. M.; Price, C. P. Ann. Clin. Biochem. 1985, 22, 327—342.
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Figure 7. pH change during the phagocytosis process of a single
pH-sensing lipobead by a single macrophage. A sharp drop in the
fluorescence of the lipobead is observed when the cell ingests the
lipobead.

Fluorescence-Imaging and pH-Sensing Measurements of
Lipobeads in Macrophages. Typical brightfield and digital
fluorescence images taken through a 40x microscope objective
of 1.6.2m fluorescent lipobeads intemalized by single macrophages
are shown in Figure 6. The bright-field image shows that individual
particles are isolated from each other in the cell. The signal-to-
noise ratio in the fluorescence image is ~200. The lysosomal pH
is determined by comparing the ratio between the fluorescence
signals of fluorescein at 525 nm and the fluorescence signal of
tetramethylrhodamine at 575 nm to the pH calibration curve. The
extracellular pH is determined from fluorescence measurements
of lipobeads outside the cells to be 7.3, indicating an experimental
error of 0.1 pH unit as the cells are suspended in PBS at pH
7.4. The lysosomal pH is measured from lipobeads that are
ingested by the cells to be 5.7 + 0.1. To enhance the rate of
phagocytosis, the cells are kept for 1 h in a PBS solution of pH
7.4 at 37 °C. Figure 7 describes the pH change during the
phagocytosis process of a single pH-sensing lipobead by a single
macrophage. A sharp drop in the fluorescence of the lipobead is
observed when the cell ingests the lipobead. In our cellular
experiments, the lipobeads maintain their structural integrity and
fluorescence intensity for 6 h, indicating that the conditions in

"the lysosomes do not cause a fast chemical degradation of the
fluorescent lipobeads.

SUMMARY AND CONCLUSIONS

Micrometric pH-sensing fluorescent lipobeads were synthe-
sized, characterized, and applied to monitor pH changes in
microliter-volume samples and for lysosomal pH measurements
in murine macrophages. The development of particle-based
intracellular sensors represents a new trend in the application of
fluorescence in cellular biological studies, addressing the need
for miniaturized, site-specific, and noninvasive intracellular mea-
surement techniques. The fluorescent lipobeads show a significant
improvement in analytical properties over currently used particles
for several reasons. First, the dye molecules are covalently
attached to phospholipids that are strongly attached to the surface
of the particles. This prevents leaking of dye molecules from the
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particles to the observed environment, which is a common
problem in fluorescence sensors fabricated by physically entrap-
ping hydrophilic-sensing reagents such as pH indicators in a
polymer matrix. The covalent immobilization of the dye molecules
to the surface of the particles shortens their response time because
the analyte ions do not need to diffuse into the bulk of the
synthetic or bioparticles to interact with the sensing fluorophors.
The use of labeled phospholipids may have an additional advan-
tage over direct coupling of the fluorescent dyes to the surface of
the particles. While direct coupling may alter the spectroscopic
and densing properties of the fluorescent dyes, the phospholipids
gprovide a bridge between the dyes and the surface of the particles.
This inert bridge weakens the interaction between the dye and
the particle surface, resulting in a solution-like behavior of the
fluorescent molecules. Second, surface-modified polystyrene par-
ticles are used as the polymer support for the fluorescent
phospholipids. Polystyrene particles show higher chemical stability
than bioparticles or hydrogels and are better suited to the
lysosomal conditions that are characterized by high acidity and
high concentration of digestive enzymes. Third, the coating
membrane protects the fluorescence indicators from quenching
species particularly when the dyes are immobilized to the alkyl
backbone of the phospholipid molecules. Last, our fluorescent
lipobeads are dually labeled with fluorescein (pH-sensitive dye)

and tetramethylrhodamine (pH-nonsensitive dye). The use of

teramethylrhodamine as a reference dye increases the accuracy
of the pH measurements in comparison to previous studies. This
study shows that the pH sensitivity of the fluorescent lipobeads
is 0.1 pH unit throughout the pH working range between pH

3246 Analytical Chemistry, Vol. 73, No. 14, July 15, 2001

5.5 and 7.5. The pH-sensing lipobeads are used successfully to
monitor pH changes, resulting from a glucose oxidation reaction
catalyzed by glucose oxidase in a sample of only 5 uL. The
lipobeads are also used to determine the pH in the lysosomes of
single macrophages, which is measured to be 5.7 when the cells
are stored in a PBS solution of pH 7.4.

Currently we are investigating ways to synthesize fluorescence-
sensing lipobeads for lysosomal measurements of hydrogen
peroxide. These lipobeads will be used to study the effect of
oxidative agents and antioxidants on the level of oxidative activity
in the lysosomes. We are also investigating whether coating the
polymer particles with phospholipids affects the phagocytosis
efficiency of macrophages in comparison to the phagocytosis of
uncoated particles. It is expected that coating the polymer particles
with membranelike materials would increase their biocompatabil-
ity, which may result in decreasing phagocytosis efficiency and
decreasing cytotoxicity.
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OPTOCHEMICAL SENSORS AND PROBES FOR SINGLE CELL ANALYSIS

Ji, Jin, Nitsa Rosenzweig, Imani Jones and Zeev Rosenzweig

The field of single cell analysis has generated increasing attention during the last decade.
Rapid analysis of single cells can identify a disease state at the ultimate early stage of its
formation, the single cell level. However, many approaches used for single cell analysis,
such as capillary electrophoresis, mass spectrometry, and patch-clamp techniques, are
destructive to the cells studied. In addition, these techniques are not suitable for real time

kinetic studies of cellular processes.

Fluorescence probes and miniaturized optochemuical sensors, combined with fluorescence
microscopy, are non-destructive means for single cell analysis. The observed cells remain
viable during the analysis, and the kinetics of many cellular processes may be observed in
real time. During the last four years, my research focused on a number of sensing
techniques searching for an optimum sensor design for single cell measurements. Celluiar
dimensions dictate that the sensor should be miniaturized to sub-micrometric size. It is
also required that the sensor would be highly biocompatible, show high chemicai and
photo-stability, and high throughput. Research accomplishments described in this
presentation include the use of free fluorescent molecules for cytoplasmic oxygen
measurements in cells, the fabrication and application of fiber optic sensors for
simultaneous measurements of calcium ion and pH levels in volume limited samples, and
the development of particle-based sensors for pH and molecular oxygen in the lysosomes
of murine macrophages. The development of these sensors, their advantages and
limitations, as well as their application in monitoring the effect of physical and chemical

stimulation of cells and kinetic studies of biological processes at the single cell level are

discussed.
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The Effect of Intracellular Sensors on Cells

Tmani Jones, Tzucanow Cummings and Nitsa Rosenzweig
Xavier Umiversity of Louisiana

pH sensing particles consisting of complex of Amino-modified polystyrene particle,
Texas red-X.SE, and Oregon green 488,SE were introduced to murine macrophages
(7774). The cells were internalized through phagocytosis'process. We show the cells with
the sensing particles in the cytoplasm. The particles maintained their ability to respond to
pH changes. After internalization, the effect of the sensors on the cells was tested.
Measurements of markers for apoptosis, cell growth, and markers for carcinogenesis
were performed. The sensors had no effect on the expression of apoptotic and cancer
markers. The sensors did have an effect on cell growth. An inhibition of 30% in the
growth of cells with sensors was detected over 20 days compared to un treated cells. The
inhibition was observed in cells that were exposed to sensors chronically. Cells that were
treated with sensors for three hours, washed and allowed to grow without addition of

sensors to medium did not exhibit growth inhibition.
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ABSTRACT

Oxygen plays a very important role in living cells. The intracellular level of oxygen is
under tight control, as even a small deviation from normal oxygen level affects major
cellular metabolic processes and is likely to result in cellular damage or cell death. This
paper describes the use of the oxygen sensitive fluorescent dye tris (1,10-phenanthroline)
ruthenium chloride [Ru(phen);] as an intracellular oxygen probe. Ru(phen); exhibits
high photostability, a relatively high excitation coefficient at 450 nm (18000 M cm™),
high emission quantum yield (~0.5) and a large Stoke shift (peak emission at 604 nm). It
is effectively quenched by molecular oxygen due to its long excited state lifetime of
around lpsec. The luminescence of Ru(phen); decreases with increasing oxygen
concentrations and the oxygen levels are determined using the Stern Volmer equation.
In our studies, J774 Murine Macrophages are loaded with Ru(phen);, which passively
permeates into the cells. Fluorescence spectroscopy and digital fluorescence imaging
microscopy are used to observe the cells and monitor their response to changing oxygen
levels. The luminescence intensity of the cells decreases when exposed to hypoxia and
recovers once normal oxygen conditioﬁs are restored. The analytical properties of the

probe and its application in monitoring the cellular response to hypoxia are described.




INTRODUCTION

Oxygen is one of the key metabolites in aerobic systems. The rate of oxygen uptake is a
good indicator of metabolic activity of cells. The oxygen concentration inside cells is of
primary importance in determining numerous physiological and pathological processes in
biological systems. Intracellular level of oxygen is under tight control, as even a small
deviation from normal oxygen levels would cause major cellular damage or even cell
death. The determination of oxygen in tumor cells for instance may lead to the treatment
and prediction of the response of the tumor to therapy [1]. The level of intracellular
analytes including molecular oxygen can be significantly altered when cells are exposed
to hypoxia since the condition of hypoxia induces the production of intracellular reactive

oxygen species (ROS) [2,3].

ROS are extremely reactive and display a short half-life and low steady state
concentration. Examples of ROS are Superoxide radical (O>), hydrogen peroxide
(H,0,), singlet oxygen (‘05), hydroxyl radical (OH') and nitrogen oxide radical (NO') [4].
ROS attack most cellular components including lipids, carbohydrates, DNA and proteins.
When produced in excess ROS damage these components. Normally, the cells enzymatic
systems and chemical scavengers remove the ROS formed in the cells. ROS therefore
only becomes dangerous when the aforementioned systems are overwhelmed by
production of excessive ROS. It has been suggested that multiple exposure of cells to
ROS may alter gene expression to produce a cancerous tumor [5]. The level of molecular
oxygen is directly proportional to the level of ROS in the cells. The probability for

cellular damage or cell death increases with increasing levels of ROS and molecular




oxygen [6]. It is therefore expected that exposure of cells to hypoxia would alter the
intracellular oxygen balance and lead to an increase in intracellular oxygen tension. It
should be noted that production of ROS does not always damage cells, since it is part of
the cells defense mechanism against pathogens. However, an excessive production of

ROS is believed to be the cause of many diseases [7].

The area of cellular analysis using fluorescence microscopy has grown in the last decade
resulting in the development of a large number of cell permeable fluorescent probes [8].
Recent strides in the development of highly sensitive and relatively inexpensive charge
couple device (CCD) cameras [9-11] have led to a dramatic improvement in the accuracy,
reliability and sensitivity of fluorescence microscopy measurements. The employment of
laser scanning confocal microscopy has increased the spatial resolution of these
measurements down to the diffraction limit (A/2) [12]. With these improvements, digital
fluorescence imaging microscopy has become a method of choice in cellular analysis.
This paper describes a digital fluorescence imaging microscopy technique to monitor the
response of murine macrophages to hypoxia, particularly the level of molecular oxygen
in the cells. The number of analytical methods to measure oxygen levels in cells is
surprisingly limited. Ewing et al used a Clark oxygen microelectrode to measure
intracellular levels of molecular oxygen in neuron cells (13). Clark electrodes have also
been used to measure extracellular levels of molecular oxygen in cell culture media (14).
However, microelectrodes often fail in biological systems due to interfering electroactive
species. Furthermore, the technique is not suitable in applications where a large number

of cells need to be analyzed in real time. In our study, the oxygen sensitive luminescent




indicator tris (1,10 phenanthroline) ruthenium (IT) chloride [Ru(phen)s] is‘used for the
first time, to measure in real time the level of molecular oxygen in cells. The
luminescence properties of Ru(phen); have been studied extensively by Demas et al [15-
18]. The dye displays strong emission via metal-to-ligand charge transfer (MLCT) with a
decay time of about 1 ps. It exhibits high molar absorption coefficient of 1.80 x 10* M~
'em™ at 450 nm and high emission quantum emission yield (~ 0.5) at 604 nm (19), which
presents a large Stokes shift. Additionally, Ru(phen); shows high photostability, high
chemical stability and water solubility, all of which lend to the usefulness of this dye in
fluorescence quenching-based oxygen level measurements. Ru(phen); has been used
extensively as a luminescent oxygen indicator in fiber optic oxygen sensors and oxygen
sensing films [20-24]. These sensors have been applied in aqueous samples [25,26] and
biological fluids [27,28] but not for cellular imaging of oxygen. The employment of high
performance digital fluorescence imaging technique enables the study of the response of
a large number of cells simultaneously to hypoxia on a cell-by-cell basis. The hypoxia
conditions are applied by suspending a cekll sample in a glucose/glucose oxidase
solution. Glucose oxidase catalyzes the oxidation of glucose. The reaction consumes

oxygen, thus inducing conditions of external hypoxia.




EXPERIMENTAL

Digital Fluorescence Imaging Microscopy - The detection system used to measure the
fluorescence of the oxygen sensitive dye, Ru(phen);, loaded into the cells is shown in
Figure 1. The system consists of an inverted fluorescence microscope (Olympus IX70)
equipped with a 100 W mercury lamp as a light source. The fluorescence image of the
cells is collected by a 20X-microscope objective with a numerical Aperture of 0.5. A
450-nm narrow-band excitation filter, a 500-nm dichroic mirror, and a 590-nm long-pass
emission filter are used to ensure spectral imaging purity. The fluorescence signal is
dispersed by a 150-mm three-mirror spectrograph (Acton Research Inc., Acton, MA,
USA) equipped with a 600 groves/mm grating blazed at an optimum wavelength of 500
nm. The grating can be replaced with a mirror, and the exit slit can be removed from the
path of the fluorescence signal to allow the image of the cells to pass through the
spectrograph without being dispersed by the grating. A high-performance charged-couple
device (CCD) camera (Roper Scientific, Princeton, NJ,USA, model 256HB) with a 512 X
512 pixel array is used for spectroscopic imaging or for digital fluorescence imaging of
the cells. An exposure time 0.5 sec is used for image collection. A PC microcomputer
(Gateway 2000, Pentium 200 MHz) is employed for data acquisition and the Rupert

Scientific software WinSpec/32 is used for image analysis.

Fluorescence Spectroscopy Measurements - Excitation and emission spectra, as well as
kinetic measurements are carried out using a PTI model QM-1 fluorometer, (PTIL,
London, Ontario, Canada) equipped with a 75-W continuous Xe arc lamp as a light

source.




Cell Culture - Cultures of J774 Murine Macrophages are maintained according to a
standard protocol [29]. The cells are cultured in Dulbecco’s modified Eagle’s medium
supplemented with 4 mM L-glutamine, 10mM sodium bicarbonate, 25mM glucose, 1
mM sodium pyruvate, and 10% fetal bovine serum. The cells are grown at 37 °C in 5%
CO,. The medium is replaced 3 times a week. To prepare subcultures, the cells are

scraped in a new medium and split into new plates.

Loading of Cells with Ru(phen); - The macrophages are detached from the culture
plate surface by scraping with a rubber policeman. The medium containing cells is
centrifuged at 500g for 10 min to precipitate the cells. Cells are collected and diluted to a
concentration of about 10° cells/ml using a fresh medium. The concentration of the cells
is determined by standard hemacytometry using Trypan Blue to assess cell viability. For
the loading of the dye, 1 ml of cells ((1-3) x 10° cells/ml) is incubated in the dark at 37 °C
for 15 min with the appropriate volume of Ru(phen); solution such that the dye
concentration is 10*M in the solution. The cells are then washed 3 times with PBS buffer

(pH 7.2) to remove excess free dye from the solution and from the surface of the cells.

Generation of Hypoxia Conditions using the Glucose/Glucose Oxidase System - An
aliquot of glucose oxidase of 10 units/m! is added to 100 pL of a PBS buffer (pH 7.2) that
contains 20-mM glucose and 10° cell/ml Ru(phen); loaded cells. A 20-pL sample of this
solution is placed between two microscope cover slips for fluorescence imaging. The
sample is excited at 450-nm and the cells are imaged through a 20X objective. The first

image is taken approximately 3 min after the reaction starts when movement of the cells




stops. Subsequent images are taken every 4-min. An exposure time of 0.5 second is used

for fluorescence image collection.

Materials and Reagents - Glucose and Glucose Oxidase (from Aspergillus niger) with
enzymatic activity of 10,000 units/m! were purchased from Sigma. Tris (1,10-
phenanthroline) ruthenium chloride (Ru(phen);) was purchased from Aldrich Chemical
Company. Corning glass cover slips used for microscopy and pH buffers were purchased
from Fisher Scientific. Aqueous solutions were prepared with 18 MQ deionized water
purification system (Barnstead Thermolyne Nanopure). J774 Murine Macrophages were
purchased from ATCC (American Type Culture Collection). The Dulbecco’s modified
Eagle’s medium and bovine serum albumin were purchased from Sigma. All reagents

were used as received, without further purification.




RESULTS AND DISCUSSION

Spectroscopic Properties of Ru(phen); - As previously mentioned ruthenium diimine
complexes have been widely used as oxygen indicators in gas and aqueous samples. In
this study the fluorescence properties of Ru(phen); are used to monitor changes in J774
Macrophages as a result of external hypoxia. Ru(phen); shows a strong absorption in the
visible region (Amax = 450 nm, € = 18100 M'cm™), a high-emission quantum yield of
~0.5 at 604 nm, and a long excited-state lifetime ( ~ 1 ps). A concentration dependence
of the fluorescence intensity of Ru(phen); at 600 nm (A= 450 nm) in aqueous solution
using a fluorometer, is shown in figure 2. The fluorescence intensity of the free dye
increases with increasing dye concentrations. However, at concentrations higher than 1x
10*M, the fluorescence intensity decreases with increasing concentrations, a

phenomenon that is attributed to self-quenching of the fluorescence signal (26).

Oxygen Sensitivity of Ru(phen); - The fluorescence spectra of Ru(phen); in a nitrogen,
air and oxygen saturated solutions are shown in Figure 3. The fluorescence measurements
are performed using a spectrofluorometer. Due to dynamic quenching by molecular
oxygen, the fluorescence intensity of Ru(phen); in nitrogen saturated solution, I (N3), is
higher than that in air saturated solution, I(air), which is also higher than the fluorescence
intensity of the oxygen saturated solution, I(O;). The response factor, I (N,)/I (O,) =7.
The analytical range of an oxygen probe is governed by the respective quenching curve
and the Stern-Volmer constant. The variation in the fluorescence intensity as a function
of the dissolved oxygen concentration is given by the Stern-Volmer equation:

Iyl.=1+Ksv[ O]




where I; is the fluorescence intensity of Ru(phen); in a nitrogen-saturated solution, Ic is
the fluorescence intensity of Ru(phen); in a given dissolved oxygen concentration and
Ksv is the Stern-Volmer quenching constant. In principle, higher quenching constants
result in higher accuracy at low levels of oxygen. This is due to the larger signal change
per oxygen concentration interval. However, high quenching constants result in a more
limited linear dynamic range. In a previous article we described oxygen concentration
dependent fluorescence measurements of Ru(phen); in aqueous media (26). We found
that that Ksv for Ru(phen); is about 5420 M'. We also found a linear dynamic range
between 0.1 and 12 ppm of molecular oxygen with a correlation coefficient of 0.996. We
found a standard deviation of around 4% between 10 consecutive fluorescence
measurements in air saturated solutions. The standard deviation increases at lower
oxygen levels when two large fluorescence intensities are subtracted from each other to
obtain a small intensity difference. The accuracy of the oxygen measurement is governed
by the uncertainties in the determination of I (nitrogen saturated solution), Ksv and Ic.
An accurate determination of I is essential for obtaining sufficiently accurate calibration

curve and Ksv value,

Stability of loaded cells with Respect to leaking and Photobleaching - Under our
experimental conditions a 10 M Ru(phen); solution is used for loading Ru(phen); into
the cells. Since the dye passively diffuses into the cells, the efficiency of permeation is
nearly 100 %. Transmission and Fluorescence images of cells loaded with Ru(phen); are
shown in figure 4. Figure 4a shows a transmission image of the cells taken with an

exposure time of 3 msec. Figure 4b shows the fluorescence image of the same cells taken
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with an exposure time of 0.5 sec. The images are taken using a 20X microscope objective
(NA = 0.5). Monitoring the fluorescence intensity of the cells for 1 hour shows a minimal

leakage of Ru(phen); from the cells.

The photobleaching rate of Ru(phen); has previously been studied in our
laboratory [22]. To monitor the rate of photobleaching of Ru(phen); loaded-cells under
our experimental conditions, a 10 uL. sample of the solution is placed between two
microscope cover slips. The sample is then placed on the microscope stage and
illuminated continuously at 450 nm. The fluorescence intensity of the cells decreases by
approximately 5% during 30 minutes of continuous illumination. During our kinetic
measurements the cells are exposed to the excitation light for less than 1 second in each
measurement. Each experiment lasts 30 minutes and images are taken in 3-5 minutes
intervals. We therefore conclude that under our experimental conditions the loaded cells

remain photostable throughout the experiment.

Response of Single Cells to hypoxia - Since our samples are volume limited (~10 pul) it
is practically impossible to physically change the extracellular concentrations of oxygen
in the observed samples. The response of individual cells to conditions of hypoxia is
therefore demonstrated by monitoring the enzymatic oxidation of glucose when a
glucose/glucose oxidase solution is added to a microscope cover slip covered with cells.

Glucose Oxidase catalyses the oxidation of glucose as follows:

Glucose + 02 ¥ Gluconic acid + HpO?

1




Molecular oxygen is consumed during this enzymatic oxidation. Figure Sa shows the
fluorescence image of loaded cells taken five minutes after the start of the enzymatic
reaction. The signal to noise ratio between the fluorescent cells and the background signal
is found to be 80. Figure S5b shows the fluorescence images of loaded cells taken at 30
minutes after the start of the enzymatic reaction. The signal to noise ratio is 50. The cells
maintain their structural integrity. There is about 30% variation in the fluorescence
intensity of the Ru(phen); loaded cells. This variation is due to the heterogeneity of the
cellular sample, which contains viable cells at different growth stages and even dead
cells. Viability measurements using a standard Trypan Blue method shows that the
percentage of viable cells in a typical cellular sample is around 70%. Nevertheless, the
variation in the relative decrease in signal of individual loaded cells as the enzymatic
reaction progress is only 10%. The dye molecules distribute evenly in the cells and there
is no evidence of compartmentalization. In figure 6 the fluorescence intensity of single
loaded cells is plotted against the enzymatic reaction time coordinate at different levels of
glucose oxidase activity and cell viability. Each curve represents the average response of
10 cells. Curve (a) describes the results of a control experiment in which the cells are
suspended in a solution of 10mM glucose in the absence of gluocose oxidase. Curve (b)
describes a control experiment in which the Ru(phen); loaded cells were left for 24 hours
in a PBS buffer solution under ambient conditions. Unlike under normal storage
conditions in a cell culture medium, 5% CO, atmosphere and 37°C, the cells stop
growing and die. Trypan Blue measurements show that under these conditions only
about 10% of the cells remain viable after 24 hours. These cells were suspended in a

solution containing 10mM glucose and 10 units/ml glucose oxidase. Both curves (a) and
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(b) show no noticeable change in the signal level due to hypoxia. Curves (c) and (d)
describe the fluorescence intensity of viable cells when suspended in solutions containing
10mM glucose and 10 units/ml (c) and 20 units/ml (d) of glucose oxidase. A 30%
decrease in the fluorescence intensity of the cells is observed, indicating a production of
molecular oxygen in macrophages when subjected to conditions of external hypoxia. The
overproduction of oxygen continues as long as the cells are exposed to external hypoxia.
Once the glucose/glucose oxidase solution is removed and replaced with glucose oxidase
free buffer solution, the fluorescence intensity of the cells recovers to about 90% of its
original value in about 20 minutes. This result supports our observation that the cellular

fluorescence signal changes follow the production or depletion of molecular oxygen in

the cells.
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SUMMARY AND CONCLUSIONS

A high-resolution digital fluorescence imaging microscopy is used for the first time to
follow the response of the oxygen sensitive fluorescent dye Ru(phen); loaded into
Murine Macrophages to hypoxia in real time. Ru(phen); shows high photostability in
cells, minimal dye leakage, a high emission quantum yield, and a large stokes shift,
which eliminates interference by cellular autoflourescence. Because of the high
photostability of the dye, we have been able to quantitatively measure the fluorescence of
the same living cells during experiments that last 30 minutes without noticeable
photobleaching. Control experiment in which the loaded cells were continuously exposed
to the excitation light for 30 minutes show that the fluorescence intensity of the dye
remains constant in living cells. The fluorescence of the loaded cells decreases by 30%
when exposed to external hypoxia. The fluorescence decrease is attributed to the cellular
production of molecular oxygen when the cells are exposed to hypoxia. The fluorescence
mtensity recovers to about 90% of its original fluorescence intensity once normal
conditions are restored. This study offers a simple and direct way to monitor changes in
oxygen levels in cells when they are exposed to external hypoxia. It is however possible
that other processes contribute to the decrease in the fluorescence intensity of the dye
when the cells are exposed to hypoxia. For example, it is possible that other quenching
species are expressed when the cells are exposed to hypoxia. It is also possible that the
increasing levels of reactive oxygen species leads to oxidation of Ru(phen)3 which
results in a decrease in the fluorescence intensity. The reversibility of the process suggest
that any oxidized form of Ru(phen)3 is unstable and readily reduced back to Ru(phen)3

once normal oxygen conditions are restored.
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Figure Captions

Figure 1: Digital fluorescence imaging microscopy system. The experimental setup
consists of an inverted fluorescence microscope with a 20X objective (NA = 0.5), a high-
performance charge-coupled device camera (Roper Scientific, 16-bit resolution, 512 x

512 chip size), and a microcomputer for image analysis.

Figure 2: Fluorescence intensity of Ru(phen); in solution as a function of its
concentration. A 450 nm light is used for excitation. Self-quenching occurs at

concentrations greater than 1 x 10 M.

Figure 3: Spectral response of Ru(phen); of nitrogen, air and oxygen saturated solutions

when excited at 450 nm. Emission maximum is obtained at 604 nm.

Figures 4: Digital transmission (a) and fluorescence (b) images of Ru(phen); loaded
cells. A 10uL sample is pléced between two microscope slips, and fluorescence is
detected and imaged by a CCD camera. A fluorescence filter cube consisting of a 450+10
nm excitation filter, a 500 nm dichroic mirror and a 515 nm long band emission filter is

used for imaging.

Figures 5: Digital Fluorescence images of Ru(phen); loaded cells taken (a) 5 minutes and
(b) 30 minutes respectively after enzymatic reaction begins. A 10uL. sample is placed
between two microscope slips, and fluorescence is detected and imaged by a CCD
camera. A fluorescence filter cube consisting of a 450+10 nm excitation filter, a 500 nm

dichroic mirror and a 515 nm long band emission filter is used for imaging.

Figure 6: The response of macrophages to hypoxia. Curve (a) describes the fluorescence
intensity of the cells in the absence of glucose oxidase (normal conditions). Curve (b)
describes the fluorescence intensity of dead cells in the presence of glucose and glucose

oxidase. Curve (¢) and (d) show a decrease in the fluorescence intensity of the cells
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when incubated with a solution containing 10 mM glucose and 10 units/ml (c) and 20

units/ml (d) glucose oxidase.
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APPENDICE 7 — Paper: “A Novel Fluorescent Oxygen Indicator for Intracellular
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ABSTRACT

Intracellular oxygen concentration is of primary importance in determining numerous
physiological and pathological processes in biological systems. In this paper, we describe
the application of the oxygen sensing indicator, ruthenium dibipyridine 4-(1”-pyrenyl)-
- 2,2>-bipyridine chloride, Ru(bpy-pyrXbpy)., for molecular oxygen measurement in J774
murine macrophages. Ru(bpy-pyr)(bpy), exhibits strong visible absorption, efficient
fluorescence, long excited state lifetime, large Stokes shift, and high photo and chemical
stability. The fluorescence of Ru(bpy-pyr)(bpy). is efficiently quenched by molecular
oxygen. It is 13 fold higher in a nitrogenated solution than in an oxygenated one. The dye
passively permeates into cells and maintains its oxygen sensitivity for at least Sh when
the cells are stored in a phosphate buffered saline (PBS) solution at pH 7.4. The oxygen
sensitivity, photostability and chemical stability of the indicator and the effect of hypoxia

and hyperoxia on the intracellular oxygen level in single macrophages are discussed.




INTRODUCTION

In spite of the significance of intracellular oxygen levels in numerous cellular processes,
there are surprisingly few analytical methods to measure intracellular oxygen levels. The
role of oxygen in cellular processes is mostly assessed by indirect data derived from
measurements of the concentration of extracellular oxygen (1,2). This approach is
ambiguous, as there is a difference between the intracellular and extracellular oxygen
concentration (3, 4). Clark electrodes have been widely used to measure extracellular
oxygen level in cell culture media (1, 5). However, when applied in intracellular studies,
the electrodes may injure the cell due the penetration. A Clark microelectrode can only
measure the oxygen level in one cell at a time and is not suitable in applications that
require fast cell screening. Furthermore, the technique often gives misleading data due to
the abundance of interfering species in cytoplasm. Additionally, the consumption of
oxygen by the Clark electrodes can alter the oxygen level near the surface of the

electrode and cause an error in the oxygen measurement.

Fluorescence microscopy and spectroscopy are widely used techniques for cellular
analysis. In 1970, Vaughan and Webber observed that oxygen concentrations in the
physiological range quench the fluorescence of pyrenebutyric acid in solution (6). The
observation led to the use of pyrenebutyric acid for intracellular oxygen measurements in
isolated rat liver cells (7-9). The technique offered several advantages: First, the dye
detected the intracellular oxygen concentration directly without consuming oxygen.
Second, electromagnetic interference or changes due to stirring or fluid currents did not

affect the accuracy of the technique. Third, loading of the indicator into cells was less




invasive than the penetration of electrodes. Furthermore, chemical information was
obtained from a large number of cells simultaneously and in real time. However, the lack
of a suitable indicator limited the quantitative power of the technique. The excitation and
emission of pyrene and its derivatives are in the UV, overlapping with cellular auto-
fluorescence. This resulted in high background that complicated the data interpretation.
Additionally, these dyes show poor photostability and poor chemical stability in the

cellular environment.

Wilson et al. introduced phosphorescence quenching as an alternative to fluorescence
quenching of pyrene for intracellular and tissue measurements of molecular oxygen (9-
11). The method dramatically extends the oxygen sensitivity range down to nanomolar
scale, a parameter that no other techniques have achieved. The technique was applied to
study oxygen distribution in perfused tissue (12), oxygen consumption by suspensions of
mitochondria (13) and cellular energetics in cardiac myocytes (14). However, the long
lifetime of the phosphorescent probes allows interactions between the probes and the
environment. Most of the few available phosphorescent probes are pH and temperature
sensitive, which limits the accuracy of the technique. In addition, due to the inefficient
intersystem crossing rate, quantum yield of the indicators is low which requires a highly

sensitive detection system.

Ruthenitum diimine complexes represent an important class of fluorescence-based oxygen
indicators. The photophysics and photochemistry of these complexes have been

extensively studied by Demas et al (15-19). They show great photo-stability and high




fluorescence quantum yield (0.1-0.6). Unlike pyrene and its derivatives the excitation
wavelength of these complexes is in the visible range of the elctromagnetic spectrum
(450-460 nm). The emission maximum of these complexes is at 610 nm. This large
Stokes Shift increases the signal to noise ratio of the fluorescence measurements in
biological samples because no cellular autofluorescence is observed at this wavelength.
Additionally, the background scattering is lower than the background scattering observed
when pyrene is used for oxygen measurements. This is because the scattering intensity
decreases with the forth power of the excitation wavelength. Ruthenium diimine
complexes are particularly suitable for oxygen measurements because of their long
excited state lifetime in the microseconds time scale. Molecular oxygen effectively
quenches the fluorescence intensity and decreases the excited state lifetime of these
complexes. In the last decade, tris (1,10 phenanthroline) ruthenium (II) chloride
[Ru(phen);] and tris (4,7 diphenyl, 1,10 phenanthroline) ruthenium (II) Chloride
[Ru(dpp);] have been applied successfully in fiber optic sensors for oxygen and glucose
(20-23) in the gas phase (oxygen) and in solution (dissolved oxygen and glucose).
Recently, we utilized tris(1,10-phenanthroline) ruthenium chloride (Ru(phen);), a
commonly used oxygen indicator for gas and aqueous samples, to monitor the effect of
external hypoxia on J774 murine macrophages (23). The measurements were limited in
sensitivity due to the chemical instability of Ru(phen);. A constant negative signal drift
was observed and explained by the degradation of Ru(phen); by cellular components like
protein and DNA. A more chemically stable visible indicator for intracellular oxygen

measurement is desired.




In 1997, Schmehl et al. reported the synthesis of a new ruthenium metal complex,
ruthenium dibipyridine 4-(1”-pyreny1)-2,2’-bipyridine chloride ([(bpy):Ru(bpy-pyn)]Cl)
(25). The complex is a ruthenium(II) diimine (donor) - pyrene (acceptor) complex linked
by a single C-C bond. It was synthesized to understand the photophysical behavior of
[(bpy)zRu(L)]2+ complexes. The complex displays strong emission via metal to ligand
charge transfer (MLCT) with an excited state lifetime of 1.3usec. It exhibits high molar
absorption coefficient of 2x10* M'cm™ at 456nm and an emission quantum yield of 0.5
at 632nm. In this paper, we study the oxygen sensing properties of ([(bpy)Ru(bpy-
pyn)ICl, in aqueous solutions and living cells. The application of this new indicator for
intracellular oxygen measurements in J774 murine macrophages under the condition of

hypoxia and hyperoxia is discussed.




EXPERIMENTAL

Digital Fluorescence Imaging Microscopy - The experimental setup used for
fluorescence measurements of macrophages loaded with the indicator is shown in figure
1. The system consisted of an inverted fluorescence microscope (Olympus IX-70)
equipped with 3 detection ports. A 100 W mercury lamp was used for excitation. The
fluorescence was collected by a 20 X microscope objective with a numerical aperture
(NA) of 0.50. A filter cube containing 480nm narrow band excitation filter, 500nni
dichroic mirror and 515nm long pass emission filter was used to ensure spectral purity. A
high performance charge-coupled device (CCD) camera (Rupert Scientific, model
256HB) with a 512 x 512 pixel array was used for digital fluorescence imaging of the

samples. The Rupert Scientific software Winview 3.2 was used for image analysis.

Spectrofluorometry Experiments — Excitation and emission spectra, as well as the
spectral response of [(bpy):Ru(bpy-pyr)]Cl; in solution to different oxygen levels were
conducted using a PTI model QM-1 spectrofluorometer (PTI, London, Ontario, Canada),

equipped with a 7SW continuous Xe arc lamp as the light source.

Photostability Study of Ruthenium Diimine Complexes — Solutions of 20 puM of
ruthenium diimine complexes in phosphate buffered saline (PBS) solution at pH 7.4 were
continuously exposed to a 765W Xenon lamp in a Sunbox (Suntest CPS’, Atlas electric
devices Co.) for 30 mi. The fluorescence intensities of the indicators were acquired every

5 min using a spectrofluorometer.




Cell Culture - Cultures of J774 murine macrophages were maintained according to a
protocol described by Gordon et al. (25). The cells were cultured in Dulbecco's
modified Eagle's medium supplemented with 4mM L-Glutamine, 1.5g/l sodium
bicarbonate, 4.5g/1 glucose, 1.0mM sodium pyruvate, and 10% fetal bovine serum. The
cells were grown at 37°C under 5% CO,. The medium was replaced three times a week.

To prepare subcultures, the cells were scraped in new medium and split into new plates.

Cell Culture on the Surface of a Chambered Coverglass - The macrophages were
detached from the surface of a tissue culture plate by scraping. The cells were mixed
with the growth medium by a glass pipette. The cell suspension (50ul, ~1x10° cells/ml)
was then placed into a chambered coverglass. 950ul fresh medium was added to the
chamber. The cells were incubated to attach and grow on to the coverglass at 37°C under

5% CO,. Typically, an 80% confluence was achieved in 3 days.

Loading of the Indicator with Macrophages — A solution of 150ul of 120uM
[(bpy)Ru(bpy-pyr)ICl; in phosphate buffered saline solution at pH 7.4 was added into
the cell culture on a chambered coverglass. The medium and the dye solutions were
mixed using a glass pipette. The cells were incubated at room temperature for 1h to allow
the permeation of the dye to take place. The excess dye was washed off with a PBS

solution at pH 7.4.

Materials - [(bpy).Ru(bpy-pyr)]Cl, was a gift from Dr. Russell H. Schmehil of Tulane

University. Tris (1,10- phenanthroline) ruthenium chloride (Ru(phen);) was purchased




from Aldrich Chemical Company. Glucose, glucose oxidase from Aspergillus niger with
enzymatic activity of 10,000 units/ml, Dulbecco’s modified Eagle’s medium and bovine
serum albumin were purchased from Sigma. J774 murine macrophages were purchased
from ATCC (American Type Culture Collection). Lab-Tek II chambered coverglass was
purchased from Fisher Scientific. Aqueous solutions were prepared with 18 MQ
deionized water from a purification system (Barnstead Thermolyne Nanopure). PBS
solution at pH 7.4 was prepared from PBS tablets (Amresco). All reagents were used as

received without further purification.




RESULTS AND DISCUSSION

Spectral properties of Ru(bpy-pyr)(bpy): — The chemical structure of Ru(bpy-
pyr)(bpy): is shown in Figure 2a. The excitation and emission spectra of a solution of
80uM [(bpy)Ru(bpy-pyr)]ICl; in a PBS buffer at pH 7 buffer are shown in Figure 2b. A
concentration dependence of the fluorescence intensity of Ru(bpy-pyr)(bpy); at 632nm
(A=460nm) in aqueous solution is shown in figure 3. The fluorescence intensity of the
dye increases with increasing dye concentration. This is explained by self-fluorescence

quenching of the dye that occurs at concentrations greater than 80uM.

Oxygen Sensing Properties of Ru(bpy-pyr)(bpy); in aqueous solutions — Figure 4
shows the fluorescence spectra of Ru(bpy-pyr)(bpy),; in nitrogen-, air-, and oxygen-
saturated solutions. Due to dynamic quenching by molecular oxygen, the fluorescence
intensity of Ru(bpy-pyr)(bpy), in nitrogen saturated solutions, I(N,), is higher than the
fluorescence intensity in air saturated one, I(air), which is also higher than the
fluorescence intensity in oxygen saturated solution, I(O,). The response factor between
m'trogeh and oxygen, I(N,)/1(O,), is 13. The response is reversible. The dependence of
the fluorescence intensity of Ru(bpy-pyr)(bpy). on the concentration of dissolved
molecular oxygen is described by the Stern-Volmer equation:
Io/Ic =1+ Ksv [0,]

where I is the fluorescence intensity of Ru(bpy-pyr)(bpy): in a nitrogenated solution, Ic
is the fluorescence intensity of Ru(bpy-pyr)(bpy). in a given dissolved oxygen
concentration, and Ksv is the Stern-Volmer quenching constant. Oxygen quenches the

fluorescence intensity of Ru(bpy-pyr)(bpy).. In principle, higher quenching constants

1n




result in higher accuracy at low levels of oxygen. This is due to the larger signal change
per oxygen concentration interval. However, high quenching constants result in a more
limited linear dynamic range. We found that Ksv for Ru(bpy-pyr)(bpy). is 13,333 + 3%
M. The linear dynamic range is between 0.1 and 12 ppm molecular oxygen with a
correlation coefficient of 0.996. It is commonly assumed that oxygen diffuse freely
through cell membranes and therefore the intracellular oxygen tension would be very
close in value to the extracellular oxygen tension. Under aerated conditions the level of
intracellular oxygen tension is around 8 ppm well within the range of our oxygen
indicator. The standard deviation between 10 consecutive fluorescence measurements in
air-saturated solutions is ca. 3%. The standard deviation increases up to 10% at high

oxygen levels where the signal is low.

Photostability of Ru(bpy-pyr)(bpy): in Aqueous Solution- The Photostability of the
new indicator is determined by comparing its photobleaching rate with that of the highly
photostable complex tris (1,10 phenanthroline) ruthenium chloride, Ru(phen);. The two
dyes are exposed to a 765W xenon lamp light source in a Sunbox continuously for 1h.
Both dyes have a 50% drop of their fluorescence intensity in 30 min continuous exposure

to light (data not shown). The photobleaching rates are comparable.

Stability of Loaded Cells with Respect to Dye Leakage and Photostability — Ru(bpy-
pyr)(bpy). permeates passively into the cells when the cells are incubated with a 50 uM
dye solution for 1 h at room temperature. Transmission and fluorescence images of cells

loaded with the dye are shown in figure 5. The signal to background ratio in the
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fluorescence image is 37. The cellular structure remains intact for at least 5 h afier the
permeation of the dye. Monitoring the fluorescence intensity of the cells for 1 h shows an

unnoticeable leakage of the indicator.

Excitation light at 480 nm is used to excite the dye loaded cells to minimize the
photobleaching rate of Ru(bpy-pyr)(bpy). and the effect of cellular auto-fluorescence on
the signal to noise ratio. Additionally, a neutral density filter of 1.0 is applied to ensure
the photostability of the indicator. To monitor the photobleaching rate of dye loaded cells
under these conditions; a chambered coverglass of the loaded cells is placed on the
microscope stage and illuminated continuously. The fluorescence intensity of the cells
decreases by 5% in 30 min of illumination. During our kinetic measurements, the cells
are exposed to the excitation light for 3 sec in each measurement. Each experiment lasts
less than 30 min and images are taken in 2-4 min intervals. It is fair to conclude that
under our experimental conditions, the loaded cells remain photostable throughout the

experiment.

Oxygen Sensing in Living Macrophages — The intracellular oxygen sensing properties
of Ru(bpy-pyr)(bpy). were assessed by exposing the dye-loaded cells to oxygen, air and
nitrogen saturated PBS at 7.4. The fluorescence intensity of the cells was acquired and
plotted in figure 6. The fluorescence intensity of the cells increases 4-fold when the
oxygenated solution is replaced with a nitrogenated one. Replacing the oxygenated or
nitrogenated solutions with an air-saturated solution restores the signal to it original level.

The response is reversible. It should be noted that such harsh treatments lead to cell death
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as verified by Trypan Blue staining. Under these stressful conditions, high level of
reactive oxygen species (ROS) may present in cells. In spite of these conditions Ru(bpy-
pyrX(bpy), maintains its oxygen sensitivity. It should also be noted that other commonly
used ruthenium diimine complexes like tris 1,10 phenanthroline ruthenium chloride
[Ru(phen);] partially loose their oxygen sensing properties in the cellular environment
under these conditions. It is possible that the addition of a large organic ligand prevents
the degradation of the complex due to steric hindrances and/or stabilizing interactions
with hydrophobic cellular components. The significance of these interactions is not clear
at this time and further studies are needed to fully understand the structure/stability

relationships of ruthenium diimine complexes in the cellular environment.

Response of Single Macrophages to Hypoxia induced by Glucose Oxidase — To test
the sensitivity of Ru(bpy-pyr)(bpy). under less destructive conditions, we applied the
indicator to monitor the kinetic response of individual macrophages to hypoxia induced
by enzymatic oxidation of glucose. Glucose oxidase catalyzes the oxidation of glucose as

follows:

Glucose oxidase
Glucose + O, p Gluconic acid + H, 0,

The enzymatic oxidation consumes molecular oxygen. The rate of oxidation and the
steady state level of oxygen in the medium depend on the glucose concentration and
glucose oxidase activity. Figure 7 describes the response of cells to hypoxia caused by
different concentrations of glucose/glucose oxidase. Curve (c) describes the control

experiment where Ru(bpy-pyr)(bpy). loaded cells are incubated in a PBS buffer at pH 7.4
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in a glucose and glucose oxidase free solution. The curve shows that during a 10 min
experiment, the fluorescence intensity of cells keeps constant. Curves (a) and (b)
describe the fluorescence intensities of the cells when they are incubated with a medium
containing 10 mM glucose and 1.5mM glucose, respectively, with 5 units/ml glucose
oxidase. A 50% (a) and 40% (b) fluorescence increase is obtained in 2 min and 4 min,
indicating a decrease in intracellular oxygen levels to 4ppm and 3.2ppm, respectively.
The errors between data points obtained from 2 different batches of cells are ca. 3% in
the control experiment. The variation between the fluorescence intensities of loaded cells
increases to about 6% with decreasing intracellular oxygen levels. This may be attributed
to an increase in the percentage of dead cells. Once the glucose/glucose oxidase solution
is replaced with a PBS solution at pH 7.4, the fluorescence intensity of the cells returns to
its original value in 2 min, indicating that a normal intracellular oxygen level has been

restored. Trypan Blue staining indicates that 85% of the cells survive this treatment.
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SUMMARY AND CONCLUSIONS

~ Ru(bpy-pyr)(bpy) is utilized for the first time as an oxygen indicator for intracellular
oxygen measurements. Aside from its strong visible absorption, efficient fluorescence,
and relatively long-lived excited state, the new indicator exhibits high oxygen sensitivity,
large Stoke shift and high photo-/chemical- stability in the cellular environment. Due to
the long emission wavelength of the indicator the fluorescence signal is shifted away
from cellular auto-fluorescence, which causes serious perturbation when UV sensing
indicators are used. Ru(bpy-pyr)(bpy), maintains its oxygen sensing properties in living
cells for at least 5 h after loading. Using high-resolution digital fluorescence imaging
microscopy we were able to quantitatively monitor the kinetic response of macrophages

loaded with Ru(bpy-pyr)(bpy), to hypoxia. We have clearly shown that a low oxygen

level is produced in living cells when they are exposed to hypoxia.

It is still possible that undesired interactions between the indicator and the complex
cytoplasm contribute to the observed fluorescence readings. It is also possible that
heterogeneity in dye distribution affects the fluorescence intensity of the cells and
contributes to the cell-to-cell variations observed in our cellular measurements.
Nevertheless, the ability to measure the average response of a large number of cells to
conditions of hypoxia may prove to be valuable in studies designed to understand the
effect of prolonged hypoxia on cells and tissues. Minimization of the interaction between
the sensing indicator and cytoplasmic constituents is imperative to further improve the
accuracy of intracellular oxygen measurements. Currently, we are developing a new

intracellular oxygen sensor where Ru(bpy-pyr)(bpy), 1s immobilized to the surface of
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phospholipid coated polystyrene particles. The phospholipid membrane is permeable to
molecular oxygen but protects the fluorescence indicator from the cellular environment.
These sensors will be applied in a variety of intracellular studies including intracellular

oxygen measurements in macrophages.
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FIGURE CAPTIONS:

Figure 1 - Digital fluorescence imaging microscopy system. The experimental setup
consists of an inverted fluorescence microscope equipped with a 20X objective (NA =
0.5), a high performance charge-coupled device camera (Roper Scientific, 16-bit

resolution, 512 x 512 chip size) and a microcomputer for image analysis.

Figure 2 - (a) Structure of Ru(bpy-pyr)(bpy).. bpy=2,2’-bipyridine, bpy-pyr=4-(1"-
pyrenyl)-2,2°-bipyridine; (b) Fluorescence excitation spectrum (detected at 632nm) and
emission spectra (excited at 460nm) of 80uM Ru(bpy-pyr)(bpy), in a PBS buffer at pH

7.4.

Figure 3 - Fluorescence intensity of Ru(bpy-pyr)(bpy). in solution as a function of its

concentration. Self-quenching occurs at concentrations greater than 80uM.

Figure 4 - Response of free Ru(bpy-pyr)(bpy). to different oxygen levels in aqueous

solutions.
Figure 5 - (a) a transmission image and (b) a digital fluorescence image of Ru(bpy-

pyr)(bpy). labeled J774 macrophages in air-saturated PBS buffer at pH 7.4. The images

are taken through a CCD with a 20X objective (NA = 0.5). Exposure time is 0.5 sec.
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Figure 6 - Response of Ru(bpy-pyr)(bpy), labeled J774 macrophages to different oxygen
levels in the medium. Rapid diffusion of oxygen causes the fluorescence intensity

changes of the dye-loaded cells. The response is reversible.

Figure 7 - The response of Ru(bpy-pyr)(bpy), loaded macrophages to hypoxia induced
by gluocose oxidase in a glucose solution. Curves (a) (b) describe the fluorescence
intensity of Ru(bpy-pry)(bpy). loaded cells when suspended in a solution containing (a)
10 mM glucose and 5 units/ml glucose oxidase; and (b) 1.5mM glucose and 5 unit/ml
glucose oxidase. Curves (c) is a control experiment where the loaded cells are suspended

in a glucose and glucose oxidase free solution.

1R




20In0§ Y31

Jonduwroo-0I0TN
ZHNOQC wmnusd

soridnnwojoyd [ydesSonoads

odweg

dOJSOIOTJA] PAMOAU]

hﬂ}

; it

BIoWe)
anodo

_|II_

BIOWED Wi ¢¢

[ am31]




800

700 750

650

600

hY
500 550

-

400 450

Figure 2

(= o0 O < o (==

WAVELENGTH (nm)
(®)

(a)




Figure 3

R
—

— o0 O <. >
o o <o O

(syun “qe ) X TISNALNI dONAOSTIONTA

280

240

1 60
CONCENTRATION (uM)

120

200

80

40




Figure 4

600

WAVELENGTH (nm)

— ® \° = A
S S = S

(snun *qie ) X TISNALNI AONADSTIINTA

750

700

650

550




Figure 5

b




Figure 6

™ o) v

(syun *qre) X LISNALNI AONHOSTI

i
o

on'id

20

10 15
TIME(min)

5




* Figure 7

~~ ~ o~
& < L
bt
—@—
i
——i
——
© " < N ~ — - o
— ot — p— — p— o

(syun *qie) X LISNAINI ZONIDSTION T

4 5 6

TIME (min)

3




APPENDICE 8 - Poster Presentation: “MOLECULAR OXYGEN SENSITIVE
FLUORESCENT LIPOBEADS FOR SINGLE CELL ANALYSIS”, JIN JI !, IMANI
JONES 2, NITSA ROSENZWEIG 2, AND ZEEV ROSENZWEIG' , Pitcon 2001, New
Orleans Louisiana, March 2001

392




Pitcon 2001, New Orleans Louisiana, March 2001
392

MOLECULAR OXYGEN SENSITIVE FLUORESCENT LIPOBEADS FOR
SINGLE CELL ANALYSIS

JIN JI* | IMANI JONES 2, NITSA ROSENZWEIG 2, AND ZEEV ROSENZWEIG'
1) Department of Chemistry, University of New Orleans, New Orleans, LA 70148
2) Department of Chemistry, Xavier University of Louisiana, LA 70125

With the increasing attention in biological studies at the single cell level, there is
a growing interest in the development of miniaturized fluorescence-based
sensors. Particle based nanosensors enable non-invasive site-specific
intracellular measurements. However, the biocompatibility and sensitivity of
current particle-based sensors are limited. More biocompatible and sensitive
sensors are needed.

In this presentation, we describe the development and application of oxygen
sensitive fluorescent for molecular oxygen measurements in macrophages. A
highly hydrophobic ruthenium metal complex [(bpy)2Ru(bpy-pyr)]Ci2 (bpy=2,2'-
bipyridine, bpy-pyr=4-(I"-pyrenyl)-2,2'-bipyridine) is used as the oxygen indicator.
The indicator exhibits high chemical stability and excellent response to changing
oxygen concentrations. The indicator is absorbed onto the surface of the
polystyrene beads, and trapped on the surface by a phospholipid membrane that
coats the polystyrene particles. The lipobeads show a 4-fold increase in their
fluorescence signal when the level of oxygen in the solution changes from 100%
oxygen to 0% oxygen. The oxygen sensitive lipobeads are applied for oxygen
measurements in single murine macrophages. The lipobeads maintain their
spectral properties for at least 18h in cells when the cells are stored in PBS 7.4
buffer. The photostability, lifetime and the application of the lipobeads in
monitoring the effect of drugs on the intracellular oxygen balance measurements
in J774 macrophages will be discussed.
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223rd ACS National Meeting, Orlando, FL, United States, April 7-11, 2002
Application of FRET microscopy for real time monitoring of drug delivery into
single cells. Dumitrascu, Gabriela; Lane, Crystal; Jones, Imani; Rosenzweig, Nitsa;
Rosenzweig, Zeev.  Department of Chemistry, University of New Orleans, New
Orleans, LA, USA. Abstracts of Papers, 223rd ACS National Meeting, Orlando, FL,
United States, April 7-11, 2002 (2002), ANYL-033. Publisher: American Chemical
Society, Washington, D. C CODEN: 69CKQP Conference; Meeting Abstract written
in English. AN 2002:186070 CAPLUS

‘Fluorescence resonance energy transfer (FRET) is characterized by the transfer of photon
energy from a fluorophore (donor) to another molecule (acceptor). The usefulness of this
technique derives from the fact that the efficiency of fluorescence energy transfer process
varies as the inverse of sixth power of distance separating the donor and the acceptor
molecules. Due to this fact the interactions between cellular components and drugs can be
monitored on the scale of 10—80 A.

By coupling optical microscopy with FRET is possible to obtain quantitative, temporal
and spatial information about binding and interactions of drugs with living cells.
However steady state FRET microscopy measurement can suffer for several source of
distortion, which need to be corrected. The methods used to address these problems will
be illustrated in this paper.

The concept of the method was proved by the measurement of interaction of free dyes
loaded in cells. Both quenching and sensitized fluorescence of acceptor were observed in
the microscope. FRET microscopy was used in the J 774 murine macrophage culture.
The intracellular organelles were labeled with Sulfo Rhodamine B. FRET was observed
in cells doubly labeled with Fluorescein diacetate and Rhodamine B.

We conclude that FRET microscopy can be used to monitor the delivery and intracellular
drug action
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Pittcon Conference, New Orleans, LA, March 17-22, 2002
Fluorescence transfer energy- new analytical tool for the drug delivery follow up

Gabriela Dumitrascu, Imani Jones, Nitsa Rosenzweig, and Zeev Rosenzweig

Department of Chemistry, University of New Orleans, New Orleans, LA 70148

Fluorescence resonance energy transfer (FRET) is characterized by the transfer of photon
energy from a fluorophore (donor) to another molecule (acceptor). The usefulness of this
technique derives from the fact that the efficiency of fluorescence energy transfer process
varies as the inverse of sixth power of distance separating the donor and the acceptor
molecules. Due to this fact the interactions between cellular components and drugs can be
monitored on the scale of 1-—10 A.

This presentation describes the application of FRET microscopy to quantitatively monitor
the kinetic of drug delivery from liposomes into the living cells. Murine macrophages
were loaded Sulfo Rhodamine B, which serves as acceptor in the FRET microscopy
measurements. The cells were incubated with Fluorescein diacetate solution and with a
solution of liposomes containing Fluorescein diacetate. FRET signals were observed in
cells doubly labeled with Sulfo Rhodamine B and Fluorescein diacetate. The rate of
delivery of Fluorescein diacetate was studied as a function of pH and temperature. The
kinetic data and its applications on the effectiveness of liposomal drug delivery will be
discussed.
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Correlation Between Oxygen Free Radicals and Cytochrome P-450 Activity in
Breast Cancer

Keiana Thomas, Tasha Smith, Maryam foroozesh, Nitsa Rosenzweig

CUR april 2002.

Cytochrome P-450 enzymes use molecular oxygen in their metabolic pathways for
oxidizing a large number of endogenous and exogenous compounds into more polar and
excretive metabolites. These enzymes play an important role in the detoxification processes but
are also involved in the bioactivation of procarcinogens into ultimate carcinogens. Cytochrome
P-450 enzymes produce oxygen free radicals that oxidize DNA.

In_this study, we measured the levels of oxygen free radical produced in MCF-7 breast
cancer cells exposed to the 7-ethoxyresorufin substrate (1.0mM) in the presence and absence of
the cytochrome P-450 inhibitor, 2-adamantyl propargyl ether (2-APE).

Our hypothesis is that the oxygen free radical production is a P-450 dependent process.

To _test the hypothesis, we used the amino-reactive OxyBurst reagent 2°7’-
dichlorodihydroflurescein diacetate (H,DCFDA) to detect the oxygen free radical concentration
(fluorescence) in the cells. Measurement of the oxygen free radical production was done by
using microscopic procedures, the Win32 computer program, and measurements of the total
fluorescence with a plate reader.

Future studies: Our results show that the OFR levels in the breast cancer cell line MCF-
7 is cytochrome P-450-dependent. These findings provide a clue to an innovative drug design.
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